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FOREWORD

The International Institute for Applied Systems Analysis is a
nongovernmental, multidisciplinary, international research in-
stitution whose goal is to bring together scientists from around
the world to work on problems of common interest.

IIASA pursues this goal, not only by pursuing a research program
at the Institute in collaboration with many other institutions,
but also by holding a wide variety of scientific and technical
meetings. Often the interest in these meetings extends beyond
the concerns of the participants, and proceedings are issued.
Carefully edited and reviewed proceedings occasionally appear

in the International Series on Applied Systems Analysis (pub-
lished by John Wiley and Sons Limited, Chichester, England};
edited proceedings appear in the IIASA Proceedings Series (pub-
lished by Pergamon Press Limited, Oxford, England).

When relatively quick publication is desired, unedited and only
lightly reviewed proceedings reproduced from manuscripts provided
by the authors of the papers appear in this new IIASA Collaborative
Proceedings Series. Volumes in this series are available from

the Institute at moderate cost.






PREFACE

With the increasing number of multiple storage reservoirs being
built, systems analysis is gaining importance in planning and
operating such projects. It is rather seldom, however, that
their operation is given sufficient emphasis at the numerous
conferences on water resource systems. Therefore, the Resources
and Environment Area of the International Institute for Applied
Systems Analysis (IIASA), the Committee on Water Resources of
the Polish Academy of Sciences (KGW-PAN), and the Institute of
Meteorology and Water Management (IGMW), Warsaw, Poland, decided
to cooperate in the organization of the international workshop
on the Operation of Multiple Reservoir Systems.

The purpose of the workshop was to discuss, compare and evaluate
various methods of operating, and determining operating policies
for multi-purpose, multiple reservoir systems. While total res-
ervoir capacities are known, the allocation of various storage
volume zones within the reservoirs to various purposes, such as
water supply or flood control, may vary in time and be dependent
on reservoir operating policy. 1In the guidelines for preparation
of the workshop papers, it was stressed that discussion should
cover reservoir operation for all possible hydrological situations,
i.e., in periods of flood, normal flow, and drought conditions.
The importance of procedures used to determine when an extreme
gituation, (such as drought), begins and ends, was emphasized,
especially with respect to possible changes in reservoir opera-
tion. The workshop participants were requested to discuss how
operating policies might differ, depending on whether the reser-
voirs are in series or are parallel. Also, they were requested
to distinguish betwee.. operation of "large"” over-year storage
reservoirs and "small" within-year storage reservoirs. If short-
term hydrologic forecasting and real-time control models were to
be used, the workshop discussion would consider how these could
be used together with long-term operating policies.,

The workshop was held in JodYowy Dwor, Poland, from May 28 to
June 1, 1979. Some 30 participants from 13 countries presented
17 papers, all of which are included in these Proceedings. The
first nine of them provide an overview of how multiple reservoir
systems are operated in certain countries. The remaining papers
report in greater detail on diverse case studies and provide dis-
cussion of some specific issues related to the subject of the
workshop.

The presentations stimulated lively discussions on a whole range
of topics, including the nature of interaction between system
analysts and decision makers in a multiple reservoir system, in-
stitutional aspects of the decision-making process, methods and
models that may be used for operation of multiple reservoir sys-
tems, and finally, assessment of further research needs in this
field. A summary of the discussion and conclusions is presented
at the end of these Proceedings.



The future work of IIASA, KGW-PAN, and IMGW will draw on the
information exchange in JodXowy Dwor. However, the value of
the workshop extends beyond the work of the sponsors to that
of the international water resources community at large. It

is for this reason that these Proceedings have been assembled.
It is hoped that this publication will find direct application
in reservoir studies undertaken in various countries, and that

it will stimulate additional research on the subject.

Z. Kacmarek
J. Kindler
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INTRODUCTION

This paper focuses on the operation of multiple-purpose multiple-
reservoir systems in North America. Our discussion of multiple-reservoir
operation is divided into three parts. The first is a description of
the principles and procedures currently used to operate multiple reser-
voirs in various river basins or regions. The second part describes the
methods of analysis used and proposed for use for multiple-reservoir
operation. The paper will conclude with some examples of a few existing
multiple reservoir systems in Canada and the U.S., and their operating
policies.

The operation of most multiple-resarvoir systems in North America
reflects the fact that there are sometimes conflicting and sometimes
complementary multiple purposes served by the water stored in and released

from reservoirs. These purposes can include:



a)

b)

¢)

d)

e)

f)

g)

Water Supply for municipal, industrial and agricultural (irri-
gation) needs from lakes and streams.

Water Quality Improvement by releasing water of higher gquality

upstream to dilute and transport downstream wastes.

FTood Control through the provision of available storage
capacity during periods when floods are possible and maximum

use of downstream channel capacities during periods of high run-
off to reduce the 1ikelihood of flood damage.

Hydropower Production by operating reservoirs so as to minimize

loss of energy and meet energy and power requirements.

Navigation by insuring sufficient depth of water in navigation
channels and sufficient water supply for lockages.

Recreation, whose benefits, while sometimes difficult to quantify
in monetary terms, are nonetheless often present if appropriate
pocl levels and Timits on level fluctuations are maintained.

Fish and Wildlife Enhancement through the maintenance of

desirable pool levels or flows during critical periods in the
year for greater fish and wildlife production and fishing and

hunting benefits.

Assuming that it is possible to define ideal storage levels and

downstream releases and/or diversions for every day, week or month

throughout the year (i.e. assuming there exists a set of storage and

release values that best satisfies all water users), reservoir operating

procedures are needed and used to guide operators when it is not possible

to satisfy these ideal conditions. Reservoir operating policies used in



North America usually include a definition of ideal conditions (with
regard to stora2ge levels, or releases, or both) and some guidelines
for operation when these ideal conditions cannot be maintained, 1.e.
for non-ideal conditions.

Ideal storage volumes or levels in individual reservoirs are
typically defined by "rule curves." When conditions are not ideal,
operating policies or "rules of system operation"” define what should be
done for various combinations of system states and hydrologic conditions.
Together, rule curves and rules of system operation define desired storage
volumes or levels, reservoir releases, and diversion gquantities. Ideal
storage volumes or levels usually vary throughout the year, but do not
vary from year to year. Similarly, releases or diversions are also
expressed as functions of the time of year as well as the storage con-
dition of upstream reservoirs. These functions or rule curves apply to
reservoirs that are in a stationary state (in a probabilistic sense) and
that are being operated under the same policy from one year to the next.
The purpose of operatiﬁg policies is to distribute any necessary deviations
from ideal conditions in a manner that satisfies mandated laws or regula-
tions and/or that minimizes the total perceived discomfort or hardship to
all water users in the system.

There is a var%ety of operating policies in use at the present
time. These operating policies vary from those that on]y_define each
reservoir's ideal pool level, or target level (and provide no information
or guidance on what to do if maintaining those levels becomes impractical

or impossible), to those that define very precisely how much water to
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withdraw or release at every control structure for all possible combina-
tions of hydrologic and reservoir storage conditions. The next section

will review the principal types of operating policies currently in use.

QPERATING POLICIES

Before reviewing various types of operating policies for the opera-
tion of multiple reservoirs designed to serve multiple purposes, some
discussion of single purpose multiple-reservoir operation may be helpful.
Consider the single-purpose of providing a reliable source of water.
Throughout North America numerous such single-purpose reservoir systems
exist. These systems are generally operated by municipal water supply
agencies. For such systems various operating policies expressed in terms
of release rates have been devised to minimize water wastage. These
policies differ depending on whether the reservoirs are in parallel or in
series, as fllustrated by Figure 1

For single-purpose water supply reservoirs, the following simple
operating rules have generally been adopted:

1. Reservoirs in Series - For such systems the downstream reser-

voirs are depleted before using upstream reservoir water to meet down-
stream demands. In Figure la, this would mean that the upstream reservoir
(R1) would not be drawn down to meet diversions 02 and 03 until the down-
stream reservoir (RZ) was empty. This procedure ensures maximum use of
available storage and that no unnecessary lower reservair spilling will

occur.
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FIGURE 1. TYPES OF MULTI-RESERVQIR CCONFIGURATIONS




2. Reservoirs in Parallel - Two procedures are commonly used. One

involves discharging water first from reservoirs with relatively larger
drainage areas (or potential inflows) per unit storage volume capacity. In
Figure 1b, the drainage area to storage volume capacity ratios for the two
parallel reservoirs are compared. The reservoir with the larger ratio is
used to supply diversion 03 before the other reservoir is drawn down. This
procedure is valid only when the runoff per unit area is essentially the
same in each reservoir's watershed. Discharging water first from the
reservoir having the Targest drainage area to storage volume capacity ratio
will usually result in a reasonable conservation of water. Another, and
more precise, procedure involves drawing in tandem from each reservoir in a
manner that equalizes the probability of reservoir filling for each reservoir.
This requires monitoring storage volumes and estimating future inflows.
Such a policy minimizes expected water wastage.

* For multiple-purpose reservaoirs, or for single-purpose reservoirs
involving recreation or hydropower, operating policies and associated rule
curves commonly define the desired storage volumes and discharges at any
time of the year as a function of existing storage valumes, the time of
the year, demand for water or hydropower, and possibly the expected
inflows. Such operating policies may include one or more of four general
components.

1. Target Storage Levels or Volumes

These operating rules are limited to a prescription of the
desired storage volumes or levels in each reservoir. Reservoir operators

are expected to maintain these levels as closely as possible while
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generally trying to satisfy various water needs downstream. If the
reservoir storage levels are above the target or desired levels, the
release rates are increased. Conversely, if the levels are below target
levels, the release rates are_decreased. These release rates may or may
not be specified but will depend in part on any maximum or minimum flow
requirements and on the expected inflow.

Figure 2 {1lustrates a typical rule curve. The desired storage
levels may be based on a compromise among recreational, fish and wild-
1ife, flood control, hydropower and water supply interests. They are most
often based on historical operating practice and experience sometimes
supplemented by the results of simulation studies. Having only these
target volumes or levels for each reservoir, the reservoir operator has
considerable flexibility in day-to-day operation with respect to the
appropriate trade-off among storage volumes and discharge deviations from
ideal conditions, and on deciding from which reservoirs to withdraw water
in order to meet downstream flow demands. Operating policies that are
defined only by rule curves indicating ideal storage levels or volumes
require experienced operators that have developed good judgment on how
to minimize, over time and space, necessary storage volume and discharge
deviations.

2. Multiple Zoning

Operation rules are often defined to include not only storage
target Tevels, but also various storage allocation zones. For example,

the following five zones might be considered:
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Conservation Zone - the zone of storage from which various

water-based needs are satisfied. Water levels within this
zone are generally satisfactory for recreational and environ-
mental needs. The ideal storage volume or level is normally
located within this zone.

Flood Control Zone - a reserve for storing large inflows

during periods of abnormally high runoff. When storage volumes
are within this zone, downstream flows are increased temporarily
to pass excess water out of the reservoir as guickly as possible.

Spill or Surcharge Zone - the storage above the flood control

zone associated with actual flood damage. Reservoir releases
are usually at or near their maximum when the storage volume 1is

within this zone.

Buffer Zone - a reservoir beneath the conservation zone entered

only in abnormal]y dry periods. When storage volumes are
within this zone, downstream flows are decreased temporarily

to satisfy essential needs only.

Inactive Zone - the "dead” storage beneath the buffer zone which

would, if possible, be entered only under extremely dry conditions.
Reservoir withdrawals may or may not be possiblie, and if so,

the withdrawals are an absolute minimum. Dead storage in excess
of that below the sill of the water outlet structure may be
required during some or all of the year to meet legal or insti-

tutional constraints.
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Figures 3 and 4 1llustrate such zones, which may vary throughout
the year. The flood control zone is above curve B. If the storage
level is in the flood control zone, the rule may provide for the maximum
possible release 1f the storage level is above curve A, and the maximum release
possible without causing flood damage when the storage level is between
curve A and curve B. Reservoirs would be kept at or below curve B when-
ever possible for flood control purposes. Clearly if the need for flood
control storage capacity varies throughout the year, the volume of flood
control storage capacity should also vary, as is illustrated in Figure 4 .

Likewise, reservoir zones may dictate curtailing or reducing the
allocation to Tower priority uses when the storage volume falls below
a specified level. Curve C of Figure 4 shows that storage level below
which allocations to only critical or high priority uses would be main-
tained. Even further restrictions would be required 1f the storage jevel
or volume were to fall below curve D in Figure 4.

Figure 5 {llustrates the combination of zones and rule curve levels
that may define the operating policy of each reservoir in a multiple-
reservoir system.

These reservoir operating policies permit some flexibility in
multiple-reservoir operation. To assist operators of multiple-reservoir
systems, similar curves defining different release zones have been derived
for groups of reservoirs. These multiple reservoir-system rules,
together with the individual reservoir rules, offer additional guidance

to those responsible for multiple-reservoir operation.
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A further aid in multiple-reservoir operation is provided by
identifying multiple subzones within the conservation zone. Figure 6
{1lustrates such multiple subzones or levels. The volume within these
Tevels can vary in magnitude, at a given time and over time. Their main

purpose is for multi-reservoir storage-level balancing.

Using the zoning concept for reservoir operation, all reservoir
storage volumes should be maintained in the same zone or subzone to the
maximum extent possible. There are three basic concepts for such balancing
of reservoir storage volumes. The first concept {s based on keeping all
reservoirs at their same zonal position, 1.e. at a level where the per-
centage f1111ng of the zone {is equal for all reservoirs. This is sometimes
referred to as the "equal function" policy. The second concept is based
on a reservoir ranking or priority concept. The entire zone of the lowest rank-
ing reservoir is utilized fully before starting on the next lowest rank-
ing reservoir, and so on. The third concept is based on a "storage lag"
policy. Withdrawals from the zones of some reservoirs are begun before
withdrawals are begun from the same zones of other reservoirs. After a
certain volume has been released from the initial group of reservoirs,
releases are made from all reservoirs, maintaining the percentage
difference of available zone volume. This policy is often used to provide
a readily available reserve of water in case corrections in inter-
reservoir balancing are needed after an unexpected or extreme hydrologic

event.
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Operating policies that are defined by storage zones and associated
release rates and balancing procedures are much more prescriptive than
policies defined only by reservoir rule curves. With only rule curves,
the operators have substantial latitude and must use much more judgment
in the operation of multiple-reservoir systems. Operational planning
studies are oriented toward reducing this latitude by defiqing more pre-
scriptive policies that will increase the 1ikelihood that a system will
be operated as optimaily as possible.

3. Flow Ranging

This component of an operating policy provides a more pre-
scriptive relationship between reservoir levels and channel flows. The
reservoir release and/or diversion depends on which subzone or zone the
storage volume is in. Instead of a possibly large reduction in the dis-
charge from a reservoir when its storage volume falls from the conservation
zone to the buffer zone, a sequence of smaller reductions can be specified,
as the storage volume falls into progressively Tower subzones or Tevels.

In addition, flow ranges for the individual channels downstream
of the reservoirs can be defined as a function of upstream storage volume.
As shown in Figure 7 , three such zones can be identified:

{a) Normal Flow Range - a flow range which can be considered ideal

and that would be expected as long as all the upstream reser-
voir storage volumes were within their respective conservation
zones.

(b) Extended Range - the enlarged range of flows that could be
utilized if one or more upstream storage volumes were in ejther

the flood control or buffer zones.
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(c) Extreme Range - the further enlarged range of flow that could
occur if one or more upstream storage volumes were in either
the spiil or inactive zones.

These flow ranges can be time-dependent, as can be the reservoir sub-
zones.

Given both multiple zoning for storage volumes and flow ranging for
channel fiows, there is less need for operator judgment when balancing
reservoir levels with channel flows and keeping within the restrictions
imposed by these zones or levels and flow ranges.

4. Conditional Rule Curves

In some cases conditional rules have been defined for multiple-
reservoir systems. These policies define reservoir releases not only as
a function of the existing storage volumes and time of year, but also as
a function of the expected natural inflows into the reservoirs for some
prespecified time period in the future. Such policies can be described
as functions, in tabular form, or as a diagram. Figure 8 illustrates
some conditional flood storage capacity zones, depending on the winter
snow depth or on the recent precipitation record prior to a possible
flood period. While approximate methods for determining these conditional
rules exist [7 ], research continues towards finding improved methods for

defining conditional operating policies for multiple-reservoir systems.
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In addition to the four general components of operating policies
and their modifications as discussed above, there is also the use of
computer programs developed to be run each time a new release decision
is to be made, as an aid to those responsible for multiple-reservair
operation [63,72]. Input data for these programs usually include flow
forecasts, the current state of the reservoir system, the system operating
policies, and appropriate abjective functions for reservoir operation.
The program output includes computed releases at each reservoir site or
control structure that will best satisfy the prescribed operating objec-
tives. When revised estimates of future inflgws, storage volumes, and
possibly economic environmental or ecological parameters are cbtained, the
program is rerun to obtain new estimates of appropriate reservoir releases,
and their respective impacts. This process can be repeated at regular

intervals (daily or weekly or even hourly during flood events).

QPERATING POLICY AMALYSES

Over the past several decades, increasing attention has been given-to
the use of mathematical (simulation and optimization) models for deriving
operating policies of multi-reservoir systems. In some cases, with only small
improvements in system operation (for example, only 1 or 2 percent increase
in hydropower production), millions of dollars of additional annual economic
benefits can be realized. This appreciation has been coupled with a sub-

stantial research effort through the years, and has led to continuing
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developments in the conceptual thinking and the mathematical formulations
for a variety of models. As a result, there are now avajlable a vareity
of methods for analyzing the operation of multi-reservoir systems used

to satisfy collective water-based needs of river basins.

The development of mathematical models for deriving optimal policies
for scheduling releases for multi-reservoir systems has been much more
difficult compared to that for single-reservoir systems. Much of the early
developmental work was directed at translating the release from a single
reservoir into equivalent economic benefits. OQptimization or simulation
models were then used to develop time-based patterns of releases so that the
total of the benefits over time was maximized. Many of these early develop-
ments were performed with either linear programming (LP) or dynamic pro-

gramming (DP) optimization procedures.

These early single-reservoir operating models, however, proved to be
both time consuming and expensive. In some cases, several hours of computer
time were required to obtain an optimal solution, eveﬁ wnen analyzing only
a single reservoir. In analyzing two or more interconnected reservoirs, the
problem, while easily modeled, often proved to be virtually insoluble from
a computational viewpoint. It is still not possible to cbtain an explicit
multiple-reservoir operating policy that specifies the release that should
be made from each reservoir as a function of a) the current storage volumes
in all reservoirs, b) the time period, and c) the actual or expected natural
inflows when tnese inflows are uncertain. Recent developments . however, have
indicated considerable promise in using optimization models for developing
rule curves for systems with several reservoirs, or for indicating the

releases to be made from each reservoir on a real-time basis,
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When considering more than two or three reservoirs, it has been necessary
to adopt a different modeling strategy than that used for single-reservoir
systems. Most of the work to date has focussed on the use of simulation
models, but limited use has also been made of optimization models for estimat-
ing policies which can then be more accurately evaluated using simulation.
Since simulation models do not define the optimum policy or procedure to be
used directly, it is necessary to use a trial-and-error procedure to search
for an optimal or near optimal solution. To acheive this, it may be neces-
sary to perform a large number of simulation runs -- which can of course
be computationally expensive.

Simulation models, however, have certain other advantages. They usually
permit more detailed representation of different parts of the system (such
as detailed responses of individual reservoirs and channels or the effects
of certain time-varying phenomena). They also allow added flexibility in
deriving responses wnich cannot always oe readily defined in economic terms
{ recreational benefits, preservation of fish and wildiife, etc.). Finally,
they provide an effective focus for dialogue with system operators (the ideas
inherent in simulation modeling can usually be understood more easily than
the ideas in optimization mode1ing).

To provide a brief state-of-the-art overview of various modeling
strategies which are being used to define policies and procedures for
scheduling releases from multi-reservoir systems, the models have been
separated into three general groups:

- optimization models for single reservoirs;
- optimization models for multi-reservoir systems;
- simulation models.

These will be discussed in turnm.
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Single-Reservoir Optimization Models

The early concepts for defining reservoir releases were based on
adaptations of inventory theory. The initial connection was developed
by Little [37]1n 1955, who used a DP approach to develop an operating policy
for minimizing power production costs in a mixed hydroelectric-thermal
system. ManneB3 ] showed that LP could also be adapted to inventory problems,
Later, he showed how this method could be used for deriving reservoir
release policies in which the supply is uncertain. He represented time as
a series of Individual time intervals and then considered the release in
each period to be a function of storage at the start of the period andof average
inflow rate during the period [44]. In 1961, Thomas and Watermeyer (69 ]
used a slightly different approach, but again used LP to solve the same
problem. They assumed that inflows had known prohability distributions, but
were independent or serially-correlated random events [71]. Others adopted
the Themas and Watermeyer approach in principle and carried out more

detailed investigations [14,25,38].

In parallel with developing the use of LP models for defining optimal
release policies, other techniques wers being pursued. In 1962, Bather [4]
developed an approach based on the use of DP. Falkson [11] also developed
an approach which is based on the combined use of LP and DP and is referred
to as the "policy iteration" approach. In 1963, Buras [10] used OP for
scheduling releases from a combined reservoir-aquifer system.

A1l the models described above can be classified as being "explicit
stachastic modeis," i.e., they use probability distributions of inilow

directly in deriving optimal release policies B4 1.
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Despite the various techniques which were developed, many of the
models praoved to be very expensive from a computational viewpoint. In
their 1970 paper, for example, Gablinger and Loucks [25] showed that a
single reservoir cperating problem in the northeastern U.S., if solved
using LP, required approximately 2,000 eguations, 15,000 variables, and
2 hours of computer time (on a 360/65 computer). Although the same
solution would be obtained more efficiently with the use of DP, such a
model would require more programming effort. Loucks and Falkson [41]
compared the use of stochastic LP, DP, and policy iteration methods.
They concluded that the use of LP to determine sequential operating
policies for Targe muliti-period probiems was the most expensive compu-
tationally and that, for all practical purposes, its use was limited
to analyzing only single-reservoir systems in which the number of
possible discrete storige volumes, infiows and time intervals was
relatively small. Although the other two methods were also computa-
tionally expensive, they appeared to show more promise in applications
to multi-reservoir systems.

Daring the 1960's, there were also developments in "implicit stochastic

models," i.e., models which optimize returns for stochastic hydrologic

sequences, but which assume that these sequences are known a priori.

Some early developments in this area were conducted by Hall [27] and Hall

and Buras [28]. Their models were solved using DP methods. In 1966,
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Young [73,74] extended the results of these earlier investigations. His
approach included streamflow synthesis, deterministic optimization (again
with the use of DP} and regression analyses. The regression analyses were
used to define release values in terms of storage levels and previous inflow
rates. The data used for the regression analyses were derived from the
sequence of computed responses obtained from the optimization model.

Although Young's work was directed at analyzing only a single reservoir,
it was considered that the "implicit stochastic" approach would be superior
to the "explicit stochastic" approach for multi-reservoir systems. For the
implicit approach, the computational effort in optimization is directly
proportional to the number of reservoirs in the system. Computing time grows
exponentially with the explicit approach.

There are, however, certain theoretical questions which still remain
unanswered in using the implicit approach. For example, the form of the
equation (what independent variables should be included and how they should
be treated) for regression analysis is continually open to question. To
date, there has not been any attempt to assess the error resulting from using
an optimal operating rule derived by this process compared to using the theo-
retically optimum operating rule. Furthermore, it may never be possible to derive the
theoretical optimum, since even the explicit approach introduces error in
discretizing the probability distribution. Fcr all practical purposes, however,
it is unlikely that the use of the implicit approach would producs significant

errors if used to derive optimal reservoir operating policies.
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Multi-Reservoir Optimization Models

Since the early development of single-reservoir optimization models,
considerable wark has been carried out in extending some of the modeling
strategies to multi-reservoir systems. As envisaged, the amount of develop-
ment based on using the explicit stochastic approach has been limited. In
1968, Roefs [53] demonstrated that this strategy led to increasing compu-
tational effort as the number of reservoirs increased. One knawn appli-
cation using this method on a multi-reservoir system was performed by Schweig
and Cole [ 56]. They applied OP to a two-reservoir system and found that
computational costs were high, even when using only very simplified streamflow
representations. Similar results were found by Gablinger 4] and Houck and Cohon 321].

Various general approaches for multi-reservoir systems have been used
with the implicit stochastic approach. In oﬁe of the earliest developments,
Hall and Roefs 9 ] optimized the operation of the three-reservoir Oroville-
Thermalito power generating complex in northern California. This optimization
was performed with DP on a specific 6-year hydrologic sequence. Although the
approach was successful, it proved to be computationally expensive.

In a related study, Parikh (0 ] explored the use of a strategy which he
referred to as "linear dynamic decomposition programming." In this approach,
he combined the use of DP for optimizing individual reservoirs and LP for
combining the reservoirs collectively into an integrated optimizafion'model.
The approach uses dual variables from the LP solution to constrain the DP
solution. In turn, the OP solution provides column vectors for the LP
matrix. An optimal solution is obtained after a series of iterations back
and forth between the LP and DP portions of the model.

Parikh used his model for analyzing two test problems: a two-reservoir
system for 24 months of hydrology, and a four-reservoir system for 36 months

of hydrology. For both problems, the solution came close to being optimal
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relatively quickly. However, a substantial number of iterations was conducted
before finally reaching the optimal solution. Although the computational
effort was substantial, it was not prohibitive. This method has therefore
demonstrated same potential for application tc larger systems.

In paraliel with this research effort, Buras [11] developed a simplified
version of the Sacramento Valley muiti-reservoir system in northern California
for employing the Parikh model. His model included a four-reservoir system
and 10 years of hydrologic input.

After this introductory work, several modifications to the modeling
strateqy were carried out. Hall, et al. [30] explored the potential for
making the Parikh model more efficient. Instead of using dual variables for
the DP portion of the model, it was suggested that better efficiency could
be achieved by defining mathematical constraints. This idea arose from the
knowledge that computational time for DP models reduces as the problem becomes
more constrained, up to a point.

In another modification of the Parikh model, Roefs and Bodin [54] intro-
duced additional considerations in an attempt to obtain a more realistic
representation of problems in practice. In particular, these included the
effects of changes in hydro-electric energy production rates for representative
reservoir drawdown conditions and nonlinear release-benefit relationships.
While Roefs and Bodin achieved some success with their strategy, they con-
cluded that the approach was computationally expensive. Far example, one
particular model run required approximately 20 hours of 360/50 computer
time before being terminated!

During the late 196Q's it became apparent that many of the strategies
being examined were both too expensive and too impractical for most problems

in practice. Simplification was clearly required. In 1969, an interesting
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idea -- referred to as the "linear decision” rule -- was proposed by ReVelle,
Joeres and Kirby B1 ]. This rule nad been proposed earlier by Charnes,
Cooper and Symonds [12)] for determining refinery rates for heating oils to
meet stochastic weather-dependent demands. For a reservoir system, ReVelle,
Joeres and Kirby suggested that the reservoir release, Ty during a par-
ticular time period, t , could be related to the storage, St o at the start

of the time period by the linear relationship

where b, is a decision variable to be derived by the model. This rule
had the decided advantage that it could be translated conveniently and
efficiently into LP formulation.

Since its introduction, however, the linear decision rule has been a
subject of considerable controversy. Revelle and Kirby (B2 ] , Joeres,
Liebman and ReVelle [33], Nayak and Arora [46,47], Eastman and ReVelle [16]
and Leclerc and Marks [36] have modified, extended and/or applied this method
to reservoir management problems, However, Eisel [17], Loucks [39], Sobel [€4]
and Loucks and Dorfman [42) have all questioned the utility of this model
for reservoir management. For example, Loucks and Dorfman [42] have demon-
strated that the use of the decision rule generally produces conservative
results, primarily because the imposition of the rule itself represents an
additional operatiﬁg constraint in the system., This conclusion applies
even to tne less conservative linear decision rule that includes the current
inflow on the right-hand side of the above equation. They suggest that while
this technique may be suitable for screening studies, it is not in itself
satisfactory for deriving optimal operating policies for single or multiple

reserveoirs.,
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One further development is also worthy of note. In parallel with
developing the Texas Water Plan in the late 1960's and early 1370's, a
three-phase research program was implemented for developing a computer-
oriented planning methodology for use in the planning of large multi-bpasin
systems. This methodology was developed using the Texas Water System as an
example.

One of the many models developed in this study is an optimization
model (referred to as the Allocation Model) which uses the "out-of-kilter"
algorithm [19,67]. This algorithm, which was developed by Fulkerson
{15, 21, 23], is used to solve a special class of LP problems, each of
which can be represented as a "capacitated network," i.e., as a series of
nodes and interconnecting arcs. The objective is expressed as the minimum
collective cost of flows through all arcs, subject to two types of constraints.
The first type is simply the equation of continuity at each and every node,
i.e., the sum of flows into each node must equal the sum of flows out of the
node. And the second set states that every arc flow must be between some pre-
scribed Tower and upper limits. Fortunately, many water resource praoblems
can be transposed directly into an equivalent network representation.
Storage changes in reservoirs during individual time periods and changes in
system operation through a saquence of time periods can also be represented
effectively. In the Texas Water Study, the out-of-kilter algorithm was used
for defining optimal operating policies for an 18-reservoir system with 42
links for a 36-year hydroiogic period. Although this approach was still
computationally expensive, it was estimatad that the out-of-kilter aigorithm
was about 20 times faster and required 35 times less computer storage than

a standard LP algarithm.
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Within the last several years a modeling approach, using LP, for de-
fining "firm" yields throughout a river basin has been developed and applied
to several planning problems [40]. This approach lends itself to the estima-
tion of the storage zones, and their associated release restrictions, for
each reservoir. These estimates of storage zones can later be adjusted based
on more accurate simulation studies.

The so-called yield model uses two sets of storage continuity equations
for each reservoir. One set determines the overyear storage requirements, if
any, based on annual flows and one or more yields, having prespecified relia-
bilities, to be derived from the Eeservoir operation. The other set defines
the within-year storage requirements, if any, that are determined from the
within-year inflow and yield distributions in a critical year. Each yield
defines a separate storage zone at each reservoir. The total volume in each
zone at the beginning of each within-year period is the sum of the required
overyear and initial within-year volumes derived from the yield model.

Figure 9 illustrates the use of this modeling approach for defining
operating rules for a three-reservoir system. QOn an interactive computer
graphics terminal, the three reservoir system has been "drawn in" (Figure 9a),
and the inflows and two required yields and their annual reliabilities are
defined. Figure 9b 1llustrates the display of a portion of the model solution,
on the graphics terminal, in the form of operating zones for one of the three
reservoirs. The results of operating this reservoir, along with the others,
using these storage zones and the "historical" flows, are shown in Figure 9c.
The model provides a first estimate of a multi-reservoir operating policy in
the form of storage zones, including that for flood control, if applicable.
Using interactive graphics the derived operating policy can easily be modi-

fied and resimulated numerous times for possible improvement.
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Multi-Reservoir Simulation Models

Simulation models continue to be used extensively for analyzing
water resources systems. This is especially true for systems with many
reservoirs as well as for those which have nonquantifiable benefits. While
there are literally thousands of simulation models being used in practice,
five recent models are of special interest. The first of these is the
HEC-3 model developed by the U.S. Corps of Engineers [5,70]. The purpose
of this model is to simulate the response of water resource systems
designed to simultaneously satisfy a variety of water-based needs. This
model is sufficiently flexible to include any arbitrary configuration of
reservoirs and channels. The algorithm searches through the system in
the upstream to downstream direction, determining each system requirement
in turn and the amount of that requirement to be satisfied by each
reservoir. Since individual project responses are not known until the
entire system is searched, it is usually necessary to make three
sequential searches through the entire system in each time interval in
order to achieve the desired reservoir balancing. The model then proceeds
to the next time interval (monthly time intervals are typical) and the
process 1s repeated. After proceeding through all time intérva?s,
which may include several years of hydrology, simulated responses are

appropriately summarized.
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One particular development in HEC-3 is of special interest. While
the idea of maintaining time-based rule curves to denote ideal operating
levels for each of the various reservoirs was retained, this was supplemented
with the idea of reservoir zoning (see Figure 8a). Each reservoir would have
a number of zones (typically about 6), with each zone representing a specific
level range, The algorithm was then structured so as to bring all the
reservoirs to the same zonal position if the optimal (or rule curve) Tevel
could not be attained. This idea permitted considerable flexibiTity in
representing a variety of different operating policies. These includad
both reservoir ranking as well as policies based on ensuring that deviations
from optimal operating Tevels were distributed in some equitable manner.

The HEC-3 model has been used extensively in practice. This is dué not
only to both the general and flexible nature of the HEC-3 program, but also to
the fact that the model is well documented and well supported. Representative
applications include the Corps studies of the Willamette River system in
Oregon and the series of operational studies on the Arkansas-White-Red system
in the southern United States [ 6, 22]. For the Arkansas-White-Red systam, one
of the more recent representations consisted of 18 reservoirs, 15 service
locations and 8 hydroelectric power plants., Water-based needs included
hydropower, navigation, recreation and flood control. The model was used
to derive optimal operating policies by simulating various strategies for a
21~year hydrologic sequence. Further detail will be presented later,

A second model which is also of special interest is the SIMYLD-II
model which was develcped in the research portion of the Texas Water Study
[68]. This model is a multi-reservoir simulation model. In each
time interval, however, an optimization submodel, using the out-of-kilter
algorithm, is used to define the optimal operating strategy. The objective

of the submodel is to minimize system costs (primarily pumping costs) in
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each time interval. Policies of operation are represented by varying the
1imit constraints of each arc -- which denote either reservoir releases or
storage values.

A third model is the multi-reservoir model developed for the Oswego
system by the New York State Department of Environmental Conservation [65].
This particular model is of interest because it extended some of the basic
ideas of multi-reservoir zoning inherent in the U.S. Corps HEC-3 model.

The number of zones was reduced to four. These were referred to as the

flood control, conservation, buffer and inactive zones (see Figure 6b).

The flood control zone was used as temporary storage for alleviating down-
stream flood damage during periods of excessive inflow. Similarly, during
periods of abnormally low inflow, the buffer zone could be used for

releasing minimal flows to satisfy essential downstream needs only. The
conservation zone represented the zone of normal operation, with the ideal
operating level being implicitly positioned at the top of this zone. The
inactive zone, positioned under the buffer zone, defined the range of levels
which are usually not available for regulation purposes. The algorithm for
the Oswego simulation model was based on maintaining all resarvoirs at the
same zonal position, if ideal operating levels could not be achieved (similar
in concept to the HEC-3 model). Downstream flows were adjusted in accordance
with the zonal position of the upstream reservoirs. However, since the model
was designed specifically for the Oswego system, it cannot readily be adapted
to other multi-reservoir systems.

The fourth model is the Acres multi-reservoir model, which was
initially developed for exploring alternative strategies for operating
the Trent River Basin in Ontario, Canada [7,2,58,62,63].

The algorithm for this model was an adaptation and extension of the basic
ideas contained in all three models discussed above., It included the combined

rule curve-zoning representation which was inherent in both the HEC-3 and
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Oswego models. However, this representation was extended by including an
additional "spill zone" and by having the rule curve positioned anywhere in

the conservation zone (and not necessarily only at the top of this zone).
Additional flexibility was achieved by representing flows in the various

channels by a series of flow ranges. This permitted not only a balancing

of the relative levels in the individual reservoirs, according to equal function,
priority ranking or storage lag policies, but also a general balancing of
reservoir levels with channel flows.

As with the SIMYLD-II model, the Acres model used the out-of-kilter
optimization routine as a submodel for achieving optimal responses during
individual time intervals. However, instead of minimizing system cost, which
the SIMYLD model did, the objective function in the Acres model was designed
to reflect the chief operator's optimal decision and monitoring process
for a particular operating policy. For any given hydrologic condition, it
was perceived that the ope. ator would minimize a collective sum of penaliied
deviations from jdeal operating conditions for the system as a whole. Each
of the deviations,which were either violations from reservoir rule curves or
channel flows outside "normal ranges," was penalized with representative
“penalty coefficients.” By assigning appropriate values to the various
penalty coefficients, it was then possible to reproduce the system response
which the operator would achieve for the prescribed operating policy and given
hydrologic conditions.

The Acres model, which was structured for any arbitrary configuration
of reservoirs and interconnecting channels, has been used as an aid in
defining reservoir operating policies for eight separate river basins. It
has also been modified slightiy and is now being used as a day-to-day operating

tool for defining reservoir releases in the Trent River System in Ontario[63].
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The fifth, and perhaps the most commonly used of all reservoir simulation
models in North Americ§, is the HEC-5 computer program titled Simulation of Flood
Control and Conservation Systems. This program, like HEC-3, was developed by the
U.S. Army Corps of Engineers Hydrologic Engineering Center at Davis, California
[16a]. As the title suggests, the model simulates the operation of any spatial
configuration of multiple reservoirs within a river basin, and can be used for
studying proposed operating policies for both conservation and flood control purposes.

HEC-5 operation for flood control is based on the release of waters from the
seasonal flood storage capacity of each gated reservoir as quickly as possible
without exceeding certain predefined maximum flows that would cause flood damage
at various downstream sites. Where the choice of which discharge rates shculd be
made from wnich reservoirs, the decision is based on a prespecified balancing rule,
similar to those used to balance conservation storage volumes in multiple reservoijrs.
Streamflow routing effects are considered, as they together with the discharge ratsas
determine the spatial and temporal distributions of flows downstream from various
reservoirs.

The HEC-5 conservation gperation attempts to meet all downstream demands
without wasting water. The program time steps can be as short as 1 hour for flood
control, or as long as one month for conservation operation. During flood periods
these time sequences can be combined to consider flood and conservation operation
simultaneously.

While the model is primarily for hydrologic simulation it can also be used to
evaluate economic effects of flood control and hydropower. Through simulation of
alternative operating policies, rule curves can be improved and the sizing and
location of potential reservoirs can be studied. HEC-5 provides a means of
accurately simulating and refining the results of any optimization mcdel develoned
and used for the preliminary definition of multiple reservoir operation policies.
The model is well documented and maintained for anyone's use by HEC. ODuring 1979
over 500 executicns of HEC-5 were recorded per month on the HEC-maintained #EC-3

program wnd over 70 source decks were distributed,
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Multiple reservoir simulation models used to assess the impact of
various operating policies are useful only if the multitude of data derived
from all simulations can be compared and evaluated. Obviously the means
and variances, and even the time distribution, of numerous site-specific
variables such as reservoir storage volumes and releases, and their
associated benefits or losses, can be computed and used for policy evaluation.
Methods have also been proposed to permit an evaluation based on system
reliability, resilience and vulnerability [30a]. Reliability is a measure of
how often a failure, however defined, occurs. Resilience is d measure of
how quickly the system recovers from failure; and vulnerability is a measure
of the magnitude or consequences of failure, should failure occur.

Reliability is a widely applied concept in water resources planning.
Resilience and vulnerability are relatively new criteria. If a system failure
tends to persist once it has occurred, it may have serious implications even
though such failures occur only infrequently and hence the reliability is
high. The associated operating policy may be less desirable than a policy
which results in a lower reliability but a higher resilience, as illustrated
in Figure 10,

Both resilience and vulnerability, the likely magnitude of failure
should it occur, can be expressed in a variety of ways. Since they are random
variables it is possible to define their expected values or their values that
are exceeded with a specified probability. Figurellb illustrates the relation-
ship among reservoir release reliability, resilience and vulnerability
associated with changes in two parameters of an operating policy defined in

Figure 11a.
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One final comment on the use of simulation modeling is appropriate.

In many systems, the perception of "what is an improvement in system
operation” is still subject to caollective perception and interpretation.
This is especially true for systems where the principal benefits are con-
sidered to be nonquantifiable (examples include recreation, fish and wild-
1ife preservation, low-flow augmentation, etc.).* For developing improved
operating procedures in such systems, it is desirable (if not mandatory)
therefore to include the interpretation of system operating staff.

In some of its recent studies, Acres has given special attention to
this aspect. Acres' approach has consisted essentially of two sets of simu-
lations. For the first set, the response of the system (in terms of reservoir
levels and releases) as reflected in recent operating practice has been simu-
lated. In essence, this is the model calibration phase. These results are
obtained by an jterative process of system simulation with the model, and by

extensive and detailed discussions with operating staff. After calibrating
the model, a second set of simulations is then obtained, including system
responses for various alterations in operating policy. These runs are based

on the collective interpretation and judgment of system operating staff and
systems analysts as to what constitutes improvements in system operation.

This strategy has proven to be very successful in practice. t also has the
decided advantage that at the time of implementing changes in operating pro-
cedure, the operating staff are more likely to support and implement the
changes (since they fully understand and appreciate the total implications

of these changes).

This is not to imply that these benefits cannot be quantified. Rather
it is meant to include the perceptions of some management groups who
find it more comfortable to consider certain benefits in qualitative
rather than in quantitative terms.
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Future Research

It 1is apparent that we sti11 have not solved the general multiple-
reservoir operating problem. There are substantial difficulties in iden-
tifying policies that are both truly optimal and computationally tractable.
Given the substantial economic gains that can be realized with only a
very modest improvement in operating procedure, there are strong econamic
incentives for continuing research in this field. The substantial ongoing
investments by the Tennessee Valley Authority [35], the Central Valley
Project [45,72] and the Columbia River System [26] to improve reservoir
operating policies with the use of better mathematical models are

indications - of the confiderice being placed in recent modeling developments.

While the explicit stochastic optimization approach appears to be the

only technique available at this time for producing truly optimal solutions
(aside from errors in defining the objective or in discretizing the proba-
bility distribution), it is for all practical purposes computationally in-

tractable for anything except a single reservoir. Because of the rate of

increase in computational effort witn the increase in the number of reservoirs,
this technique shows little promise for future application to real-life
systems.

On the other hand, the implicit stochastic optimization approach shows
greater promise. The development and use of implicit stochastic optimization
models is still being confined to small multi-reservoir systems. In the TVA
study, for example, the assessment of alternative optimization strategies
has focused on only a 6-reservoir system representation. For such systems,
containing a reasonably small number of reservoirs, the answers derived could

lead to substantial improvement in system operation over present practice.
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Improvements continue to take place in the development of implicit
stochastic optimization models. The algorithms undergoing continuing de-
velopment include the out-of-kilter algorithm, various modifications of DP
(such as discrete differential DP and DP by successive approximation) [37,
66]. various gradient algorithms and Parikh's [50] linear-dynamic decompasition
algorithm.

For larger systems (say, more than five or six reservoirs), the most
successful modeling strategy still seems to be one which uses simulation, or
a combination of optimization and simulation for deriving operating rules
(for example, as illustrated in Figure 9), or one which uses models for real
time operation. Each of these approaches can be aided by individuals having

past experience in operating the particular multiple-reservoir system.

SOME ILLUSTRATIVE SYSTEMS AND ANALYSES

In this section a few representative North American multi-purpose
multi-reservoir systems and their operating policy analyses will be discussed.
These systems include

1) Severn-Trent-Rideau and Cataraqui River Basins in Ontario

2) The Great Lakes of Canada and the U.S.

3) Upper Delaware River in northeastern U.S.

A

)
)
) Tennessee Valley Region in southeastern U.S.
) Arkansas River Basin in southcentral U.S.

)

6) Central Valley Project in western U.S.

7) Columbia River Basin in northwestern U.S. and British Columbia.
Figure 12 indicates the general location of each of these reservoir systems in
Canada or the U.S.. The numbers indicating the particular river basins on the

map correspond to the number indices in the above Tist.
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FIGURE 12. LOCATION OF MULTI-RESERVOIR SYSTEMS
REVIEWED IN THIS PAPER
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1. Severn-Trent-Rideau and Cataraqui River Basins in Ontario

Over the past several years, the multiple-reservoir operating
policies of the Trent, Severn, Rideau and Cataraqui watersheds in southern
Ontaric, shown in Figure 13, have been studied using Acres general multi-
purpose multi-reservoir simulation models [60,61]. A modified version of
this model is being used.as a dispatching ajid for the day-to-day operation
of the 58-reservoir Trent system. The improved system performance,
compared to historical operating results, has been the main reason why
the Trent-Severn Waterway Authority has continued to use this model for
reservoir regulation.

The uses served in these watersheds include navitation, recreation,
hydropoﬁer, flood control, water supply, fish and wildlife, and water
quality. The operation of the multiple resarvoirs in the basins is aimed
at maximizing the collective benefits for all these water users. Because
conflicts exist among various water users, and the relative importance of
various uses will continually be changing, the operating strategy for
those basins is flexible. For individual reservoirs, a combined ruie
curve, zoning and flow-ranging concept is used {see Figures 5 and7 ).

For simulating operating responses for various operating strategies,
a simulation model is used recursively from one time period to the next.
In each time interval the optimal operating response is based on the
current state of the system (reservoir levels and channel flaows), the
runoff forecast, and the prescribed operating policy. The optimization
submodel uses an optimization out-of-kiiter routine that minimizes the
total penalty associated with any deviations from ideal conditions. The

relative penalty coefficients are part of the input data and can be
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altered at any time to reflect changes in operating policy. The model is
also used to test the expected response of the system to changes in operating
policy before implementing such changes.

To summarize, the simulation model is used for three purposes. It is
used a) to examine alternative policies of system operation within the 1imits
set by the individual reservoir rule curves, zones and channel flow ranges;
b) to aid in the day-to-day operation of the multi-reservoir systems; and
c) to aid in the water planning of improved operating rule curves, zones, and
flow ranges, and water resource system structures.

2. The Great Lakes

The five Great Lakes ... Superior, Michigan, Huron, Erie, and
Ontario ... with their connecting rivers and Lake St. Clair, have a water
surface area of about 95,000 square miles (246,000 kmz). The total area of
the Great Lakes basin, both land and water, above the easterly end of Lake
Ontario is approximately 295,000 square miles {764,000 kmz). The Great Lakes
Basin {s shown in Figure 14,

Only two of the five Great Lakes are regulated. Lake Superior, the most
western and upstream lake, has been requlated since 1921 (partially since
1916) in an effort to maintain lake levels within a specified range to en-
hance navigation and to reduce shoreline damage. The cnly other regulated
lake, Lake Ontario, the most eastern and downstream lake, has been controlled
since 1960. In view of the proportions of the physical guantities of water
involved and the capacities of the channels connecting the Takes, ccmplete
regulation of these two lakes is not possible.

Water from Lake Superior is discharged into Lakes Michigan-Huron; that
from Lakes Michigan-Huron into Lake Erie, and that from Lake Erie 1into Lake

Ontario. Regulation of the outflow of any of the lakes of the system, other
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than Lake Ontario, affects the timing of flow into the lake immediately down-
stream, which in turn modifies the water supplies to the lakes situated
further downstream. A profile of the system is shown in Figure 15.

Because of the broad and deep connection between Lakes Michigan and
Huron, they have virtually the same level and are hydraulically considered as
one lake. Because of the 20-foot (6 m) drop from Lake Superior to Lakes
Michigan-Huron, the latter two lakes could be regulated without effect on
the levels and outflows of Lake Superior. Outflows from Lakes Michigan-
Huron are dependent on the levels of both Lake Huron and Lake Erie but to the
greater extent on those of Lake Huron. Because these outhows.are in part
dependent on Lake Erie levels, control of the outflow of Lake Erie without
control of the outflow of Lakes Michigan-Huron would affect the levels of
Lakes Michigan-Huron. The regulation of the levels of Lake Erie would also
significantly affect the timing of a major portion of the supply of water to
Lake Ontario.

Lake Ontario outflow has been controlled since mid-13958 and the lake
has been regulated since 1360. The regulation of Lake Ontario has no effect
on the Lake Erie outflows because of the 326-foot (100 m) difference in level
between these two lakes. About one-half of this difference occurs in the sheer
drop at Niagara Falls.

The physical characteristics of Lake Ontario make comp1ete'regu1ation
impossible. The inflows are unregulated, and the outflows can be partially
controlled by two dams and some navigation locks. The objectives of regula-
tjon include a) maintaining a navigation system in the St. Lawrence River that
permits deep draft ocean vessels to reach the Great Lakes, b) producing low
cos* hydroelectric power, and ¢) reducing the severity of extremely high and

Tow lake levels to increase the benefits to shoreline property owners. To
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achieve an equitable distribution of the benefits from these potentially con-
flicting uses, some rules have been established that 1imit the extent of lake
level variation and insure a specified minimum and maximum downstream discharge.

The current operating plan for Lake Superior is known as the "1955
Modified Rule of 1949," and is shown in Figure 16. This rule provides for
monthly setting of the control works from 1 May to 1 December; alternations
are made between 1 December and 30 April only when successive monthly mean
stages of Lake Superior move from the intermediate stage rangeto the maximum
or minimum stage range, or when successive month!y mean stages move from the
maximum or minimum stage range to the intermediate stage range.

The present regulation plan for (Lake Ontariq, Plan 1958-D, provides for
the weekly determination of water to be released through the variocus structures
located in the S$t. Lawrence River. The regulated release is derived from a
set of curves which show it as a function of the water level of the lake, and
from a supply indicator which is an index of water supply conditions at the
end of the preceding regulation period. There are two sets of curves for the
year, one of which is shown in Figure 17. The release determined from curves
is checked against a set of limitations on the flow release. £ it is less
than all of the maximum and greater than all of the minimum limitations, it
is the flow to be released during the coming regulation period. If the
release determined from the curves is outside of the range specified by

limitations, the appropirate limitation flow is released.

The criterfia for regulation of Lakes Superior and Ontario relate to
the maximum and minimum water levels of the Take and to navigation depths.

They are explicit and there is no element of operator judgment in their
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interpretation, at least during periods of more or less normal supplies.

The plans were designed by analyzing the available historical water supplies
during critical supply sequences. Using these critical sequences as test data,
tentative rules and limitations on releases of lake outflows were empirically
determined, modified and tested until the resulting levels and flows gave

the desired results. The plans were then tested using all available his-
torical water-supply data to determine {f any further modifications were
necessary, and to ensure that the resulting levels and flows satisfied all
criteria over the entire period.

-The development of regulation plans in this fashion assures satisfaction
of the specified criteria over the historical supply period, with resuiting
maximum benefits during critical periods, but does not result in the maximi-
zation of benefits over the entire period. In addition, successful operation.
of a plan developed using this approach is dependent in the future upon re-
cefving water supplies no .ore critical, either in magnitude or sequence,
than those used in the development of the plan. And indeed, during recent
periods of record low inflows followed by record high inflows, the minimum
and maximum levels and outflows could not be maintained. However, the lake
levels that could be maintained were more moderate than would have occurred
without requlation [18].

Current simulation studies are investigating the regulation of Lake
Erie and the possible effects of diversions into and out of the Great Lakes

Basin.
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3. Upper Delaware River in Northeastern U.S.

The Upper Delaware River Basin contains three major reservoirs
(Figure 18) that were developed by New York City as sources of water
supply. Water is diverted from these reservoirs via underground tunnels to
the city which is outside the basin. These reservoirs, supplying water to
the city since 1953, 1955 and 1967, are operated in conjunction with two other
major city water supply systems in two other river basins.

Diversion of water from the Delaware basin has become an increasingly
controversfal issue as demands increase for water downstream of these three
reservoirs. The U.S. Supreme Court has prescribed certain operating require-
ments that force the city to release water from these reservoirs to meet
certain minimum flow requirements downstream and hence reduce the reliability
of that source of water for the city. MNew laws are being proposed to increase
these releases and modify the current operation that causes rapid changes in
river stages, flow velocities and temperatures. New York City and New
York State are presently evaluating various reservoir operating policies in
an effort to derive operating policies that can best satisfy the riparian water users
and still provide a sufficiently reliable source of water for the city.

Using a monthly simulation model and the record of historical monthly
flows, alternative diversion and release rules of the form shewn in Figure 19 are
being evaluated. These rules are defined for the three combined reservoirs,
and are used together with level indices and level number storage balancing
functions (Figure 20) that indicate the desired combinations of reservoir
levels in the three reservoirs [48]. It remains to be seen whether or
not the results of these simulation studies will lead to a satisfactory

agreement betwesn the interested parties in this conflict.
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4. Tennessee Valley Region in Scutheastern U.S.

The TVA system includes 21 multiple-purpose reservoirs and 14

single-purpose hydropower reservoirs. In addition to these 35 reservoirs,
8 reservoirs operated by the Corps of Engineers and used for generating
hydroelectric energy, are part of the overall 43 reservoir system shown
in Figure 21, The primary purpose of TVA reservoir system operation is
stream%1ow regulation for navigation and flood control, and as consistent with
these purpases, for the generation of hydropower. Also, it is a TVA policy to
maintain és high water quality as possible in all streams and reservoirs and
to provide recreation and water supply as consistent with the primary purposes.
The scheduling of the reservoir system is presently guided by flood control Timits,
requlating zones, normal maximum pool elevations and normal minimum levels;
normal ranges of pool levels; balancing of storage volumes between reservoirs;
economy rule curves for hydropower use; power demands; and hydrologic
conditions [35].

The flood control limits and regulating zones are used during the winter
flood season (January, February and March). The reservoir levels are
usually kept below these limits or within the regulating zone. During the
summer, they are generally kept below normal maximum pool levels. Above
these 1imits, reservoir storage is reserved for temporary flood storage.
Within and below the regulating zone, discharges from the reservoirs are
scheduled to serve power needs. The normal ranges of pool levels were
established by studies and experience. They occupy a zone below the flood
1imits and the normal maximum pool levels and are used by power operations
to schedule hydro loads and to keep reservaoir storages in a system-wide

balance.
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The main river reservoirs follow rather closely a fixed "normal
operation" guide (prescribed water levels). The annual range of water
level fluctuations is relatively small in these reservoirs as compared to

tributary storage reservoirs.

As an example of an annual operation plan, Figure 22 shows a typical
operating guide curve for a tributary multiple-purpose reservoir providing
flood-control storage and conservation storage for power and navigation.

The storage reservation for flood control on March 15 was determined as the
amount necessary, in conjunction with other reservoirs and levees, for con-
trolling the maximum probable flood at Chattanooga, a critical downstream
location. The greater flood-storage reservation on January 1 gives assurance
that the March 15 reservation will be available in event a series of floods
makes it difficult to draw down the reservoir to the March 15 level. Draw-
down of the reservoir prior to January 1 provides useful water for meeting
navigation and power production requirements during the earlier drier months, and
normally can be accomplished with greater assurance and efficiency than would
be possible during the January 1-March 15 period. The lesser reservation

on March 15 and thereafter makes allowance for the decreased chance of

floods near the end of the Valley-wide flood season. After March 15, the
reservoir is allowed to fi11 more rapidly dependent upon hydrologic con-
ditions, and may be filled to normal maximum level if rainfall is abundant.
Deficient rainfall, combined with heavy demands for hydroelectric power
production during the normal filling period, April 1 to June 1, will pre-
vent filling of the reservoir, which then may remain substantially below

top level through the summer. A small amount of flood detention capacity

is reserved through the summer months as a protection against flood-

producing storms over limited areas.
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When heavy runoff occurs during the flood season, discharge from the
dam is reduced or cut off and the reservoir may be temporarily filled above
the operating guide curve, thus storing flood waters and reducing downstream
flood crests. UWhen flood danger has passed, the reservoir is returned to
seasonal level by releasing water at rates that will not create or supple-
ment downstream flooding. Sometimes this drawdown can be accomplished by
operating the hydroelectric plant at turbine capacity until the necessary
quantity of water has been discharged from the reservoir. 0ften, however,
it 1s necessary to release additional water through sluiceways or spillways
to Tower the reservoir level more quickly and regain the detention space |
needed for future rains. Spilling of this water is proof that TVA places
priority for flood control oVer that for power -- a definite stipulation in
the TVA Act.

Lowering of the reservoirs to prepare the system for the next flood
season normally begins in early summer and accelerates during the relatively
dry fall months. The water is withdrawn gradually, to supplement diminishing
natural streamflow, for navigation improvement and power producticn. By
late December, the reservoirs normally have been returned to lTow levels,
completing the annual cycle, as shown by Figure 22.

An example of an annual operation plan for a multi-purpose main
Tennessee River reservoir, which also provides flood control storage and
conservation storage for power and navigation, is shown in Figure 23. In
addition to conservation storage, it provides a permanent pool for navigation.
The minimum pool, elevation 675, was determined by the specified navigation
depth at critical points in the reservoir, and the maximum pool, elevation
€85.44, was determined by reservoir limitations and the location of the next
upstream dam site. Flood control or conservation storage therefore was
1imited to the zone between these fwo levels, but during the usual Valley-wide
flood season the full amount was reserved for flood control, except for minor

fluctuations due to turbine cperation. In order to retain storage capacity
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for flood control, drawdown to elevation 673 at the dam may be permitted.
After March the reservoir js filled to elevation 682.5 and the zone between
elevation 682.5 and elevation 685.44 is the minimum reservation for flood

storage during the summer.

The fluctuating dashed lines show 1 foot (0.3 m) weekly changes in
laevel for control of lake-breeding mosquitoes. These planned fluctuations
of main river reservoirs usually begin in June and continue into September
and are part of a yearly cycle of water Tevel management. The main river
reservoirs are fluctuated in tandem throughout the reservoir chain.

The 1 foot rise above elevation €82.5 shown on Figure 23
(about the middie of April) is a surcharge of the reservoir above
normal summer level to strand drift and debris brought into the reservoir
by winter floods. After the reservoir has been surcharged for about 24
hours, the level is drawn back to normal summer level within one day. Much
of the floating driftwood and debris is stranded on the shoreline above the
water level of the reservoir. This operation serves as a means of cleaning
the reservoirs, thus reduces the hazards to recreational boaters and water ski
enthusiasts, reduces the production of mosquitoes, and improves the aesthetic
appearance.

The operating guides for the main Tennessee River reservoirs also
require the lowest reservoir levels during January, but unlike the tributary
reservoirs, available flood storage space is so small that Tow levels are
held until near the end of the flood season before filling to summer levels.
Reservoir levels provide channel depths adeguate for navigation throughout
the year. During a flood control operation, the main river reservoirs may

be temporarily filled to top-of-gates level, if required, thus storing flood



-67~

waters and reducing downstream flood crests. As flood danger subsides, the
reservoirs are promptly returned to seasonal levels by releasing water at
rates that will not release excess water from the main river reservoirs
through the spillways to lower the reservoir level more quickly and regain
the detention space needed for future rains.

Lowering of the main Tennessee River reservoirs also begins during
the summer and accelerates during the relatively dry fall monthé, thus
pulling the water level away from the encroaching vegetation and preparing
the system for the next flood season. The water {s withdrawn gradually
for navigation improvement and power production. By late December, these
reservoirs also have been returned to low levels, completing the annual
cycle, as shown by Figure 17.

During normal flow conditions, the primary operation objective is
economic power generation. The navigation objective is satisfied by main-
taining water levels in th- main river reservoirs at or above minimum pool
levels. Flood control is satisfied by maintaining proper reservoir levels.
Daily reservoir scheduling is based on projected hydropower loads and a
partial hydroplant preschedule by the Office of Power. These projections are
checked, modified as necessary, completed and approved by the River Manage-
ment Branch. By agreement with the Corps of Engineers, the Cumberland system
is also operated in this way. During flood operations, the River Management
Branch and the Corps of Engineers control their respective systems. The
Chio River Division of the Corps of Engineers guides TVA's Kentucky Reservoir
operation in order to reduce flood stages on the lower Chio and Mississippi
Rivers. At times, Kentucky and Barkley Dams have been shut off completely
thereby storing the entire Tennessee and Cumberland River flows in order to

reduce the flood stages on the lower Chio and Mississippi Rivers.
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A project to develop some mathematical water resource management
models began in 197)1. Its purpose is to provide the manager of the reser-
voir systems with an assessment of the impacts of various operating policies
on flood control, navigation, power generation, water quality and recreation.
The project is expected to enhance existing methods by providing more
comprehensive information for all essential operating purposes faster than is
presently possible. The proposed methods should enable the water manager to
cope with the steadily increasing complexity of day-to-day reservoir operation
and long-range planning. This increasing complexity is caused by the increased
attention that is being paid to the interaction between physical, economical
and environmental factors and by more diversified public interest in water and
reservoir use. To the extent possible, the methods will use quantitative
measures of effectiveness to assess the relative merits of aTternate decisions.

The project includes the development of mathematical models for the
various aspects of the operation problem. They comprise the prediction of
system inputs and demands, the simulation of the physical characteristics and
the flow, quality and other processes going on in the reservoir system, the
evalyation of operating objectives and the search for optimal operating
strategies.

The project is subdivided into four major segments: two weekly
planning and operation models and a daily and an hourly operation model.
To date (1579), a first weekly planning model has been completed. A second
weekly planning model is in an advanced stage of development. Also, elements

of the daily and hourly planning and cperation models are under development.
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The weekly planning models provide a computational tool for systematic
analysis of the TVA reservoir system for planning and operational studies by
weekly time steps. However, they consider in a simplified way also the
transient phenomena within the week that have consistent effects on the
results, such as flood peaks, peak and off-peak hydro and thermal generation
and the impact of transient flow on water quality. The first weekly model
evaluates, for a given system éonfiguration, power loads and hydrolegic inputs,
the cost of navigation, flood control, power production, water quality
management and recreation and finds operation projections (reservoir level
sequences) for 18 storage reservoirs over time horizons of up to 52 weeks
that minimize a specified performance index within all specified constraints
on water levels, flows, etc. Presently the performance index {or composite
objective function) is expressed as the sum of weighted costs associated with
the five objectives. Dynamic programming by successive'approx1mations is
used to minimize the perfrrmance index.

The second weekly model is an enhanced version of the first. Its
principal feature is the use of a stochastic dynamic programming approach
to the long-range guide calculation using a dimensionally-reduced system and
a priority ordering of constraints. Weekly optimization is performed by a
non-1inear programming technique. Presently, in this model, only power
generation costs and flood damage costs are considered. Feas{b1e and
optimal operating policies are found subject to all operating constraints

ordered by prespecified priority.
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Various models to be used in daily reservoir operations are also under
development. A dynamic flow routing model for the upper half of the main
river cascade by hourly time steps is nearing completion. This model will
be used for flood control and water quality planning. Also underway is a
program to enhance daily and hourly streamflow forecasting techniques. Con-
ceptual and statistical techniques are under investigation. A daily scheduling
model for daily and/or hourly time steps is in the early planning stages.

The hourly model will be used in operations when short-time step considerations
are important, as in flood control operations. Gradual implementation of

all models is planned to be completed by 1985.

5. The Arkansas Basin in Southcentral U.S.

The Arkansas River Basin, a portion of which is shown in Figure 24,
has recently been studied in an effort to improve the operation of the 16
reservoirs shown in Figure 24 [13]. These reservoirs are operated by the U.S.
Army Corps of Engineers to meet demands for water supply and Tow flow augmen-
tation, hydropower, flood control, navigation and recreation and wildlife
enhancement. Simulation models together with 34 years of historical monthly
flows were used to evaluate the impacts of various operating policies, defined
by storage zones similar to those shown in Figure 25 for the equivalent percent
of basin storage utilized upstream of Van Buren, and by reservoir level balance
curves, similar to those in Figure 26. The equivalent percent of basin
storage utilized is the total existing upstream reservoir storage utilized
plus the predicted inflow in excess of the predicted releases for the next
S-day period divided by the total upstream reservoir storage capacity.
Reservoir balance curves define the priority in which the water levels in
reservoirs are drawn down to evacuate flood storage and meet dcwnstream flow
requirements. Reservoir levels in each reservoir are indexed and reservoir

releases from upstream reservoirs are to be made so that each resarvoir is
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at its appropriate level index, if possible, as defined by Figure 26.

As shown in Figure 26, when the equivalent storage volume is above 30 per-
cent, all projects are given equal priority with regard to reservoir releases
and to the use of available channel capacity. This is based on the assumption
that the probability of filling each reservoir above this volume is about

the same.

The results of numerous simulation runs were compared and evaluated based
on flow magnitudes and reliabilities. The rules for the selected plan are in
fact what is shown in Figures 25 and 26. The regulated flow targets are
dependent on the time of year and on the equivalent upstream storage. How-
ever, studies of reservoir operation in this basin continue, and as use

pricrities change, undoubtedly so will the operating policies.

6. Central Valley Project in Western U.S.

The Central Valley Project is a multi-purpose multi-reservoir project
located in the Central Valley of California. Since its authorization in 1935
it has constantly grown in terms of project facilities and water demands. A
schematic of the Central Valley Project System is shown in Figure 27 [45].
The complexity of the systam and the growth of demands on the system, along
with advances in systems analysis methods, recently led the Sureau of Recla-
mation to initiate the deveiopment of water forecasting models.
Since 1970, mathematical models for the CVP have been developed in
three general areas:
a) System operation models to provide operational decision-making
information;
b) Water quality models;
¢) Hydrologic models that simulate all significant components of the
hydrologic cycle.
Of interest here are the system operation models for the multiple reservoirs

and associated canals, pumping stations and power pilants shown in Figure 27.
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While the reservoirs are operated to satisfy multiple purposas, the operating
models are designed to maximize energy generation subject to minimum accept-
able Tevels of other objectives. Using this approach, six models have been
developed to provide CVP operators with tools to improve their decisions.

Nat all of these modeling efforts have been successful.

Shasta-Trinity Pilot Model

The first model developed was a daily model for the Shasta-Trinity
portion of the project. This pilot model utilized a state incremental dynamic
programming method to maximize the portion of the CVP's firm energy output
from Shasta and Clair Engle Reservoirs, while satisfying the other objectives
as constraints. This initial two-reservoir modeling effort convinced the CVP
managers that the concept of modeling the project to provide decision-making
information was valid. 0On the basis of the accomplishments in the development
of this model, the managers authorized the development of three interrelated
models - a monthly model which would cover a 12-month period, a daily model
which would cover up to 31 days, and an hourly model which would cover one
day. Each model would be a separate computer program providing data for the

succeeding model.

JSBR Monthly Optimization Model

The initial monthly model was developed by the Bureau of Reclamation
and used incremental dynamic programming to determine the forecasted operation
of the four major reservoirs in the CVYP system. Ouring the initial stages
of implementing the USER Monthly Cptimization Modet, the program functioned as
designed - to maximize the energy generation within the normal operational
constraints of the CYP. Each month the results from the mocdel were
evaluated and then used to produce an operation forecast report for the follow-

ing 12 months.
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As the model gained acceptance, it became evident that with some
program modification to produce a report, the output from the model could
be used directly as the forecast of operations. This system worked well
during the wet years of 1973-75 hut developed problems with the beginning
of the 1376-77 drought.

As the reservoir levels dropped, power curves that had been
developed for the model were extrapolated beyond the range of data used to
derive them and found to be inaccurate in the lower reservoir ranges. Hard
constraints that had been programmed into the leogic, such as required minimum
releases fram the reservoirs to the streams, required changing as the water
supply decreased.

As required changes and modifications were included, the program became
larger and required longer periods of computer time. While working under a
time constraint, this became more and more of a problem and was finally the

determining factor in retuining to doing the forecast manually.

CVP Monthly Simulation Model

As a direct result of the 1976-77 California drought and the problems
with the USBR Monthly Optimization Model, the CVP Simulation Model was
developed. The model was designed to simulate the monthly operation of the
CVP over a 12-month period.

During the drought it was discovered that many of the fixed con-
straints in the USBR Monthty Optimization Model were actually flexible under
certain conditions and could be manipulated. Therefore, the simulation
model was designed to accept special exceptions to normal operating pro-
cedures. This capability is now considered important even in normal years,
because the demands on the CVP have increased considerably since the develop-

ment of the optimization models.
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The CVP Simulation Model is used to produce a 12-month forecast of
reservoir and power plant cperations. First, a monthly strategy is deter-
mined which meets all minimum water requirements, i.e. contracts, mandatory
releases, flood control and pumping demands. Then, the user has the freedom
to interactively modify reservoir releases and pumping requirements to produce
an acceptable energy generation. These steps are repgeated for each month of
the forecast period. Finally, the model may be rerun any number of times
with different input data and/or different operating criteria. This process
allows the user to examine alternative operating strategies and evaluate
the benefits and trade-offs associated with each.

The model is programmed in FORTRAN. It requires a relatively small
amount of core storage which allows it to run interactively. With user
interaction, the model can be run in approximately 1 hour of clock time.

The program actually executes in about 3 seconds of computer time, which
allows ft to be run repeatedly. Cther factors which affect the model's
usefulness are its ability to handle many options and include unusual circum-
stances. The human 1nterventfon aspect also contributes to a high level of
confidence in model results which might not otherwise exist.

In summary, the CVP simulation model provides an effective means to
saarch for the best solution to increasingly difficult and interrelated
problems associated with the operation of a Targe multi-purpose water re-

sources project.

JCLA Monthly Optimization Model

Althought the incremental dynamic programming technique used in the
USBR Monthly Model was successful when applied to the four-resarvoir system,

the addition of two more reservoirs would cause the program to exceed the
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capabilities of'the available computers. This problem was identified in
1973. At that time, the Bureau of Reclamation and the 0ffice of Water
Resources Research (now OWRT) contracted with the University of Califarnia
at Los Angeles (UCLA) to develop a procedure to alleviata the dimensionality
problems [72]. The contract called for the development of all three models,
monthly, daily and hourly. The UCLA monthly model used a combined linear
programming-dynamic programming (LP-DP) procedure to optimize the system.
This procedure results in less required computer storage and faster running
times than the USBR Model. The advantages of this procedure include the
relatively easy method of changing or adding constraints and the addition

of reservoirs.

UCLA Dafly Model

The methodology used in the Daily Model is similar to the monthly
model except that use of the LP-DP technigue is unnecessary. This is
because a sufficiently accurate result for practical purposes can be obtained
by using the same value of energy delivery constraint each day of the month
since hydroelectric head changes from day to day are small and power surge
constraints 1imit flow variations. The number of constraints increases from
54 (monthly) to 70 (daily). These additional constraints define lag times

of water deliveries and storage requirements of the regulatory reservoirs.

The main problem with the daily model for the user is the vast amount
of input. Further, the implementation of the daily model began in 1976,
which was the beginning of a 2-year drought. Due to the low water
guantities, the daily model became unusable. Therefore, priorities changed

and further implementation was ceased.
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UCLA Hourly Model

The hourly cptimization model is a two—phase procedure for operating
the CVP over a 24-hour period. The program maximizes the gperation of CVP
power facilities while meeting water constraints. Phase ! determines a good
feasible operation through an iterated linear programming process. Phase Il
uses an incremental dynamic programming, successive approximations process,
applied to the Phase I policy to arrive at an optimal hourly schedule of
water releases at CVP facilities. Constraints on the system include minimum
and maximum releases from the CVP reserveirs and an hourly power demand from
a major contractor for CVP power. Output from the model includes hourly
release schedules for each raservoir and hourly energy generation from each
facility. The program also schedules the most efficient number of units to
use at each powerhouse.

Several problems remain with the Hourly Model. Each problem is respon-
sible, in part, for each of the other problems. Currently the scheduling of
units at the power facilities sometimes results in multiple startup and
shutdown of generators during a 24-hour period. Even though this scheme of
operation may be optimal for power production, 1n actuality the operation is
unrealistic due to the strain placed on equipment. It is possible to place
additional constraints on the program to provide acceptable scheduling, but
this in turn aggravates a grobiem of program execution on the computer.

Currently the hourly model is running on the USBR computer system but is
not being used as an operaticnal tool because of excessive running times.
Development is still being done on methods to improve turnaround time and unit
scheduling. Qther proposals, suchas adapting the program to a local mini-
compuzer control system, utilizing only portions of the program, and integrating
portions of the program with existing inhouse programs, are being discussed.

Table 1 summarizes the current status of, and future plans for, these

models [257.



MODEL
Shasta~Trinity

USBR Monthly
Optimization

CVP Monthly
Simulation

UCLA Monthly
Optimization

UCLA Daily

UCLA Hourly

TABLE 1.
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STATUS

FUTURE_PLANS

Superceded.

Retired.

Operational.

Currently inactive.

Requires revisions to
power curves and some
slight logic changes.

Currently inactive.

Currently being repro-
grammed to run on USBR
CYBER system. Not yet
operational.

None.

None.

W11l be expanded to in-

clude new facilities and
used in conjunction with
UCLA monthly model.

W11l be revised and ex-
panded to include new
facilities. Will be used
in conjunction with the
simulation model.

No immediate plans to
activate.

Will expand to include new
facilities and adopt the
model to the local mini-
computer control system.

CURRENT STATUS AND FUTURE PLANS FOR

MODEL DEVELOPMENT AND USE FOR THE
CENTRAL VALLEY PROJECT (1979).



-82-

Eight years were spent in the development and use of operational CYP
models. This experience has led those involved to three major conclusions.

1. Since the decision was made to model a major portion of the CVP,
the average generation per acre-foot of water has increased about 10 percent.
While some of this increase might be attributable to the use of the models,
most of the increased generation occurred during the development stages. The
knowledge of the system gained by the operators during the process of
developing the model is more responsible for the increased generation than
the actual models use. In the future, as the personnel in the operations
office change, the continued use of the models will provide a method for the
new operators to quickly acquire the knowledge required to make sound
operational decisions.

2. The interactive simulation model used in conjunction with an
cptimization model is a very effective method of examining much of the
information available to an operator. Optimization Models are decision-making
tools and not the producers of a final operational strategy. This fact was
temporarily forgotten when the USBR Monthly Optimization Model was modified
to produce a tinal operation report. Although the generation of energy is
an important project objective it is not the only objective. Qther project
objectives cannot always be formulated into equations that are static.

3. Most water resources project operators are not operations research
analysts. Therefore, if models are going to be accepted and used by the
pecple that make the decisions, the model cannaot be so complex that the user

has difficulty in operating and maintaining it.
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7. Columbia River Basin in Northwestern U.S. and British Columbia

The Columbia, Figure 28, is the fourth largest river in North
America and the nineteenth largest in the world. It is an intermational
river in western North America flowing from Canada into the U.S.
that has been highly developed for multiple-purpose use by a system of
over two hundred reservoirs under diverse ownership. Hydropower is one
of these important functions. The reservoir system includes over fi%ty
hydroelectric projects that provide approximately three-fourths of the
region's electrical power. One-half of all U.S. hydropower is in this
region.

The Columbia River has been developed and is cperated for
multiple water-resource purposes including not only hydropower but also
irrigation, navigation, flood control, fish and wildlife, recreation,
municipal and industrial water supply, and water quality.

A brief review of the types of dams and reservoirs and their
roles in the Columbia System may help to understand how the system is
managed. Large headwater storage reservoirs fill during high flow
periods, thereby reducing flcods, and then later release extra water for
power aﬁd other purposes. The "annual storage" reservoirs in the Columbia
System are usually emptied and refilled once every year. They can be
filled each year even if drawn to the bottom in a low flow year. The
"cyclical storage" reservoirs are also emptied and filled on a yearly
basis but if drawn to the bottom, they will not completely refill during
low flow years. Measurements of the mountain snowpack are used as an

index to forecast runoff which is used to determine rule curves which
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indicate how much reservoir space can and should be evacuated 1n ad-
vance of the snowmelt runoff and sti11] completely refill with reasonable
confidence.

There are more than 46 million acre faet (MAF) (1 MAF = 1234 x 106m3) of
active storage in the Columbia reservoir system but less than 43 MAF are
directly used for power production. Most of this {is in the 15 largest
raeservoirs that include more than 40 MAF. The remaining storage, in the
smaller reservoirs, is less controllable on a system basis. Of all the
dam and reservoir projects in the Columbia Basin, approximately 100 are
involved in power production but most of the power 1s produced by about
half of these. There are additional projects outside the basin that
contribute to the region's power. The Army Corps of Engineers operates
21 reservoir projects in the Pacific Morthwest (20 in the basin
and one outside) that produce 40 percent of the region's hydroelectric
power. The Bureau of Reclamation operates 9 projects (all in the basin)
that produce about 20 percent while the remaining 40 percent of the
hydroelectric power is produced by several public (city and county)
agencies and private utilities. There are also a few large and several
small thermal powerplants in the region.

Mo single agency or interest group controls the Columbia River. Inter-
agency cooperation is a necessity for responsible management of the Columbia,
which rests upon an intricate formal and informal "check and balance” system.
The Army Corps of Engineers is the largest operator of reservoir projects in

the region and the Bureau of Reclamation is the second largest. Both of these
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agencies operate their reservoir projects for multipie purposes. The
Bonneville Power Administration is the largest operator of transmission
1ines in the region,and it is the marketing agent for the power produced
by the Corps and Bureau dams. Many other dams in the U.S. portion of
the basin are operated by public and private entities whose operation
provides for some protection of the public's water resource interests.

In the Canadian portion of the basin, the largest operator of dam
and reservoir projects is British Columbia Hydro and Power Authority,
but there are resarvoir projects operated by others even there. Because
of this, there are numerous committees, groups and organizations involved
in coordinating the management of the Columbia River. Optimum regulation
to one special interest may not be optimum to another and it is often
difficult to reduce conflicts to a commeon economic denominator. Striving
for optimum multiple purpose regulations of the Columbia River occasionally
results in some ccntroversy and conflict that mdy be resolved by Congress,
in the courts, or in the public arena; but by and large, these conflicts
are resolved through interagency cooperation.

The legal basis for coordinated operation of most of the hydro-
power generating facilities in the Columbia Basin is the "Pacific
Northwest Caordination Agreement." This contract was signed by 16
parties controliing the major power facilities in the U.S. portion of the
basin.  Almost all of the reservoir storage within the basin is
controlled either directly or indirectly by the signatories to this

agreement. Reservoir storage s dedicated to coordinatead hydropower
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use with certain Timitations for non-power requirements. As a result

of the Coordination Agreement {t 1s possible for the owner of a down-
stream run-of-river or pondage project with no upstream storage under
his control, to be assured.of an amount of firm energy greatly in excess
of what his project could produce without coordination. This concept of
guaranteed firm energy is fundamental to the Coordination Agreement. In
many respects this agreement provides an operating arrangement that
approaches the optimum that would theoretically be possible under single

ownership.

Each reservolr project is controlled within certain operating
Timits such as extreme maximum and minimum forebay elevations, rates
of change in discharges and/or forebay elevations, minimum instantaneous
and/or daily discharges, etc. In addition to these hydrauiic limits,
there are usually electrical 1imits imposed by project requirements or
transmission system needs. Storage reservoirs in the Columbia system
are regulated within these 1imits by a set of seasonal or annual reservoir
elevation schedules or ‘“rule curves." These rule curves are used
to guide the operation of individual storage reservoirs as well as the
entire system. The more important rule curves used to manage Columbia
Basin storage reservoirs and the reservoir system, as jllustrated in

Figure 29, are:

“Critical Rule Curves {CRC)" are reservoir elevation schedules (Fig.

-developed by annual operating studies using 40 years of historical stream-
flow records (1928-68) to determine optimum energy to meet firm loads
during the most adverse water condition which may be as long as four
years and is referred to as the "critical period."

"Ref111 Curves" are schedules of the Towest elevations to which
a reservoir may be ooerated and still have an agreed upon probabfl%ty of

refill.

30)
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FIGURE 29. TYPES OF OPERATING RULE CURVES FOR A TYRICAL
RESERVOIR IN THE COLUMBIA RIVER BASIN
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-- "Assured Refill Curve (ARC)" is a refill curve computed from
the second lowest streamflow in the 40 years of historical record used

for system studies.

-- "Variable Refill Curve (VRC)" is a reservoir refill schedule
computed from forecasted volume inflows for the remainder of the current
operating year ending 31 July. Water supply forecasts based on actual
snow depth measurements and observed precipitation plus assumed subse-
quent precipitation are made periodically beginning 1 January each year
for all major storage reservoirs and the basin as a whole. The inflow
volume is usually reduced by deducting the 95 percent confidence forecast
error and water required to meet loads during the refill period and to
fi11 upstream reservoirs.

-- "Upper Rule Curve (URC)" is a reservoir elevation schedule
indicating space required either during the evacuation or refill period
to control potential flood flows.

-- "Limiting Rule Curve (LRC)" is a reservoir elevation schedule
indicating minimum contents which must be maintajned to guarantee the
system meeting its firm loads during the January-April period in the
event the variable refill curves permit storage to be emptied but
sufficient natural flow may not be available until the start of the spring
snowmelt freshet.

-- "Operating Rule Curve (CRC)" is the reservoir elevation schedule
composed of segments from other rule curves as appropriate that will permit
the maximum draft without jeopardizing system ability to carry firm loads
in the future.

From the annual operating studies a family of rule curves are
developed for optimum power production from individual storage reserveirs

and for the combined system, as is illustrated in Figure 31.



"NISYE H3AIY VIOWNI0D 3HL NI

YIOAY3SIY V 404 SITNY UNIIVYIM0 3S04UNd-ILIW G3Z1TWHINID “ie 34N9I4
ine r N A4 W 4 f a N 8 s buy
Sl | Y7o e et
)4 S LwwINg ‘ei |TWIoON X
Aﬁ_m.—.z_;v O@—. dog-Aepy 24714 BuQ :sbuimg abey Aoayg ‘xep
T700d NIN 0 JH %/°14 T sBuims m) wniuxe
JOOQ X(E £49 0001 13l snoaugjue|suy Wiy
S40 0002 osejoy wWwnijuiy
o _ nc_ogew =.< (jonuoDH amjesradwa )
Sb
(u3LNIM) ! | !
NOILY3HO3Y TVBINID
! it S ONY NOSY3S DNILNAH
~ ===p= ONIUNA~ @
< oton | p . r;.&».—c 3§N 3LISINYD ONY
\ﬂo ot $5300V Ly0d HO4 1004 NI
gion -
0051
oust :
13: vees - \.\0 /
yorsi |- 5 3 1604 NO SAN3dD . P
m._ yosss ))/w _ :..ca_. o4 ._<zm._:cc< lrl_ 4
O ® yv3a A¥3A3 1041NOD GO0 — ¢ ‘
A3 HO4 0.034 ]
rsssi |- ) |
rosst == L0091 M (nwixyw) ™
= 100d xyn — — Y- —{1dvea $49 ooct vy
Y
y 3
31015504 ONILS3AN 3S00D DNINSI4 GH S 31915504
Fl] | QNY DNIHSH Y04 T10HINOD | E]]
1004 1n4 GH 1S HALNI/A 1004 104
NIVINIVYY _._9_ Jo,.mou NIVINIVA

0001

0002

000€

ooov

000S

3DVHOLS 1334 3HOV—000L



~92-

Ouring actual day-to-day operation the reservoir owner/operators determine
which rule curve is most appropriate under the conditions at that time.
Some conditions change slowly such as streamflows during a period of
recession, whereas some changes are rapid such as unscheduled outages

of generating facilities. Non-power requirements can also force a change
in power operations. These numerous variables must be handled for real-
time reservoir management to be effective for hydropower purposes.
Contingencies must be provided for and reserves made avaiiable. For
many reasons the actual operations deviate from the optimumvhydro¢1ectric
plan, while on the other hand efforts are being made continually to bring
the system back into balance or to stay as close to optimum conditions

as possible.

In daily operations, peaking capacity is usually of more concern
than average energy requirements. Some projects are scheduled a day in
advance, whereas others are used to make the instantaneous changes required
to meet constantly changing load demands. Peaking plants are required to
make rapid response to changing power demands and corresponding variation
in discharges. Pondage projects are most commonly used to fill this need.

Computers are used in many roles throughout the Columbia reservoir
gystem, from actual project control, to centralized system control, to
system planning studies. Computer models are used frequently to make
short range and Tonger range forecasts and simulations of the operating
system. Project and hydrometaorological data are collected automatically,
sometimes frocm remota sites, procassed by computer, and then used ‘or

reservoir simulation studies. Human decisions and judgment
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have been the most efficient, effective and satisfying means of regulating
the Columbia reservoir system when the persons in control are supplied with
the best real-time information possible.

A simulation model developed by the Corps of Engineers is used 1) to
help develop an operating strategy to be applied in current operations,

2) to assess proposed changes in oparating strategies due to changes in both
power and non-power requirements, and 3) to 1den;1fy and assess future system
additions or modes of operation.

In the past the Corps has developed and rejected two optimizing techniques
for critical period operation for inclusion in the simulation mode1. These
were iterative techniques that at that time were extremely costly in terms of
computer time. However the Bonneville Power Administration and the Northwest
Power Pool hydroelectric simulators have optimizers. While helpful for
planning, however, they have not yet proved to be very useful or efficient
for reservoir operation.

Onevreason for this is that economic measures of system performance for
many of the multi-purpose reservoir uses are often difficult to determine.
Examples are the possible extinction of fish runs, the unavailability of boat
ramps for recreation use, or the lowering of reservoir levels below the inlets
to irrigation pumps. It is even mare difficult to quantify the wrath of the
people who live around the reservoir that is being operated to meet such a
requirement and can't. Hence it is unlikely that any optimization model
will take the place of judgment during reservoir planning and operation,
but of course such methods may be helpful in enhancing that judgment. So
far this has not occurred with respect to reservoir aoperation in the Columbia

River Basin.



-94~

CONCLUSION

This paper has been a review of multiple reservoir operation and

planning and analysis methods used and proposed for use in North America.

As is evident from the variety of these methods, this state-of-the-art

ranges from rather simple policies and methods of analysis to

rather complex and detailed ones. The seven actual multipurpose multiple—
reservaoir operating policies described in this paper illustrate this range

of practice - from simpie rule curves denoting ideal storage volumes for each
reservoir and any necessary deviations from these based on judgment and
experience, to more comprehensive computer programs used to determine
detailed multiple-reservoir releases on a real-time basis.

Experiences of agencies responsible for the development and
use of optimization and simulation models for improving multiple-purpose,
multiple-reservoir operations in various river basins of North America are
remarkably similar. At the risk of not citing all the exceotions, it is
possible to summarize the typical problems encountered and the benefits ob-
tained from such efforts.

1. Simulation models for daily, weekiy and monthly operation have been
found to be of value for aiding in assessing possible impacts of alternative
operating policies and for forecasting the future state orf the system given
a specific operating policy and predicted hydrologic conditions.

2. The shorter the time interval, the longer and more costly the ccm-
puter simulation. Because of the cost of computing it is often necessary
in planning studies to use only two or three hydrologic years instead of the
entire historical record, or sets of synthetic fiow records, for a more

thorough analysis of reservoir operation.
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3. Optimization models have seen very limited application for multiple~
reservoir operation. Difficulties include model development and cost of |
solution, the adequate inclusion of uncertain future hydrologic conditions.,
inabi1ity to identify and quantify all relevant objectives, and the need for
better interaction with the user. Nevertheless, there is the general feeling
that optimization techniques are potentially useful and their develgpment
continues.

4. The development of new quantitative analysis methods often takes
many years. The communication problems that occur between research analysts
and the practitioners indeveloping and applying these methods are real, time-
consuming, and affected by institutional barriers. As Boston (9) has written,

one can_easjly hear a practitioner saying:

“We have met with these anmalysts each week for the past few
months and they sti11 do not understand our operational
problems. They are more interested in their methods than
in solving real problems."

"Model development .3kes so long that the results won't be
valid when and if they are ever available."

"It takes a mountain of data to run the daily operating model
and by the time the model is run, the forecast changes."”

"The models are inflexible. I have an optimal schedule now and
need to know what to do when conditions are cther than optimal."

"Adapting a purchased software package to a real-world problem
is 1ike having a screwdriver and searching for a screw that
it will turn."®
Just as clearly, one can hear analysts saying:
"Their operation {s inefficient."
"They do not want to understand what we are trying to develop."

"They keep changing their needs - will they ever be able to
decide what they want."
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"Our problem is computer costs. What we need is a larger and
faster computer."

“"They wanted yesterday solutions to problems they gave us

today."

These and similar comments that a1l of us have heard, and many of us
have said, should not hide the fact that both simulation and optimization
models have been of value to those responsible faor the planning and operation
of multiple-reservoir systems. Furthermore, their potential benefit is even
greater. But before this benefit can be realized there is still considerable
need for further research into methods that can define improved multi-purpose
multiple-reservoir operating policies. These policies must bé readily
adaptable to changing hydrologic, economic and social conditions, and must
be based on more accurate predictions of flood or drought conditions than are
Avai]ab1e today. Fulfilling these needs is indeed a challenge to those of
us involved in the development and application of tools for defining improved

multi-purpose, multiple-reservoir operating poiicies.
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INTRODUCTION

On many large rivers in the USSR, cascades and hydropower
projects have been constructed, which make seasonal, within-the-
year and carry-over redistribution of streamflow (with respect
mostly to time but sometimes to space) serve the interests of
different branches of the national economy, e.g., agriculture,

industry, water transportation, etc.

The high growth rate in water demand, particularly in the
south of the country, as well as the goal of environmental pro-
tection, call for further intensification of hydraulic construc-
tion work. As a result, new water projects and more water re-
source systems are established and developed, and problems of
unusual magnitude such as the transfer of water from the northern
rivers to the southern regions of the country are considered.

The hydropower plants in the USSR are complex, multipurpose
projects, which constitute big energy systems, covering large
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areas. Furthermore, they are stochastic systems, in a very broad

sense. The stochastic nature of these systems stems from:

1. The stochastic character of the main resources (stream-
flow occurrence, as well as measurement errors);

2. The stochastic and therefore uncertain pattern of water
use and water losses;

3. Uncertainty in some of the economic data.

The above features are inherent in such systems, and they
should always be taken into account when building mathematical
models and applying optimization techaiques for solving problems
which arise during R&D and system operation. The stochastic
nature of such systems to a large e:xtent predefines the choice
of control methods. The control methods in turn, depend on
different characteristics of the reservoir complex, as well as
on the operation of the energy and water systems served by the
reservoir.

A few ways of classifying the operational conditions of
such systems, together with their related reservoirs are de-
scribed below:

1., Classification with respect to the extent of streamfiow
regulation by the reservoirs., A low level of such con-
trol is called passive control (Aturin and Reznikovsky
1976), i.e., when the reservoirs of the complex have
practically no storage capability. In water and energy
systems, the following measures way be considered as
examples of passive control:

a. Forecasting the system's operation under different
water availability conditions, and for different
levels of development.

b. Defining the policy of setting the limits on and
priorities of the use of scarce water resources, in
conflict situations. This type of control is quite
broadly used in water management practice in dif-
ferent countries. However, it cannot satisfy a
stable, a fortiori, growing water demand.
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Active control may be short-range (daily, weekly, monthly),

seasonal and long-range (annual). The upper limit of
such streamflow control is full control on an annual
basis, when reservoir yield is close to the mean annual
river flow.

Classification cn tlie basis of disbalance in the system,
which may be excessive, balanced, or deficient.
Classification with respect to the level of development.
Depending on the level of development, reservoir control
problems may be problems of design or else of operational
control. In the former case, the systems' parameters,
including the reservoir capacities and their operating
rules have to be defined. 1In the latter instance, when
the system already exists, we have a water management
problem of an operational character. If design and im-
plementation are correct, the reservoir operating rules
stipulated in the project design are valid during a
certain period of time.

Classification according to the purposes the reservoir
is to serve. The reasons for constructing a reservoir
may include (Kritcky and Menkel 1952): (a) providing
(with a very high degree of reliability) the physical
security of downstream constructions, and flood control;
(b} providing for a certain guaranteed minimum water
and energy supply with the reliability required by dif-
ferent water users; (c) providing for the maximum use of
streamflow.

In complex water systems, these three purposes are usu-
ally combined, though to some extent, they conflict
with each other. For conflict resolution, it is neces-
sary to use multi-criterion objectives or else to use a
priority scale.

In the USSR, safety features and flood control usually
dominate all other objectives (Kcitcky and Menkel 1952),
while provision of an ensured, minimum supply (firm
yield) takes priority over the maximum use of stream-
flow.
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Similarily, with a single objective (depending on the
characteristics of water use or consumption in a region)
it usually turns out to be possible to identify the
sequence in which the demands of different water users
are met in order to set the limits on supply when water
is scarce, or else to find a policy for the use of sur-
plus water (secondary yields).

In the USSR, various computational techniques, methods and
principles are used (Kritcky and Menkel 1952; Tsvetkov 1967;
Reznikovsky and Rubinstein 1974; Aturin and Reznikovsky 1976)
for developing reservoir operating rules, depending on the con-
ditions and characteristics listed above. The choice of these,
as well as the necessary initial information, in particular the
hydrological data, is to a large extent defined by the problem
to be solved, and by its place in the above classification. For
example, apart from an unconditional distribution curve for short-
range passive control of streamflow, short-range streamflow fore-
casts (which are usually sufficiently reliable) are widely used
at both the design and operation stages. For seasonal streamflow
regulation, at both design and operation stages, long-range
streamflow forecasts as well as field observation data in terms
of multivariate probability distribution functions are used. For
carry-over streamflow regulation, the most important information
would be, at both stages, the probability distribution functions.

The hydrological data averaging intervals are also different.
If, for short-range streamflow regulation as well as for fiocod
control, hourly, daily, and less often, weekly intervals are used,
then for seasonal requlation, weekly and monthly intervals may
be used. For long-range streamflow control problems, the length

of the interval may even be a year.

It should also be noted that the more deficient in water
the system is, and the more complex and detailed the control
measures, the more precise and reliable the methods for developing
operation rules should@ be. For better results in the design and

function of complex water systems, the development of mathematical
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models of water systems control now becomes very important. During
actual operation, such models help to obtain definite recommen-
dations on operating rule curves, while during the design stage

of a project, models are used for computer simulation of the

future operation of a system, which then leads to better design

decisions.

Due to the fact that in many regions of the globe, including
the USSR, water management problems have become more and more
acute, more refined models, as well as newer reservoir control

methods are being developed.

The need to protect the water resources of large river basins
and the complex use of such resources generate a variety of prob-
lems, which in turn necessitates processing of enormous amounts
of information. To cope with this situation, a new approach to
the problems of planning and control of water systems (WS) of
large river basins 1s needed.

As a methodological foundation for studying the functioning
and development of WS in large river basins, a systems analysis
principle 1s used, which includes the development of an inter-
linked system of mathematical models, and which makes possible
numerous calculations for different environmental conditions,
while taking into account individual features of the WS. The
peculiar features of WS in large river basins create considerable
difficulties in modeling, which have recently led to the use of

simulatiorn models of WS.

A simulation model of a large WS with information about the
sites and features of water sources, all water demands, and sites
and characteristics of all water projects as input, produces as
its output operating patterns for all water projects and the sys-
tem as a whole. Thus, the essence of using a simulation model
of a WS consists in substituting a field experiment by a computer
run, where the functioning of a real WS is represented by a com-
puter simulation. Such a simulation system also serves as a tool
for controlling the WS of a river basin, for it allows analysis

of the consequences of implementing differert alternative decisions.
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Let us consider a rather general mathematical model of tem-
poral and spatial streamflow redistribution, in a main fluvial
river basin network, including reservoir cascades. In this model
water movement in the fluvial network is described, and stream-
flow redistribution aimed at meeting various, and often conflicting,
user demands (subject to certain optimality criteria) is sought.
This model is the heart of a general system of models describing
the operation and control of a water system, and models describing
different branches of the national economy, as well as models of
the sea are linked to it.

Although a number of computerized models for optimizing the
operation of complex cascades of hydropower stations have been
developed in the USSR, the ones most widely used in every day
practice are those marked with "PK" (cascade calculations)
(Tsvetkov 1967; Kuzmin et al. 1977). The "PK" codes may be
applied to any cascade of hydropower plants and even to the
modeling of groups of cascades (up to 20 jointly functioning
hydropower stations located in one or many channels). These
codes are oriented toward a deterministic input data concerning
streamflow, water demands, etc. Successive corrections are used
to update the forecasts so as to fit the observations. In the
"PK" codes, a regu ation period--a year or more-~is subdivided
into discrete intervals of 10 days, a month, or a few montns.

The water balance equations have the form:

W,. = . . P P feo= ‘.
ij w(1+1)j * (Qpl] Qr3c13 Qxc1j Quenlj
Tz
Quij T 9913 T Qasig)t RLOT T B0 Q0un
T-1)
i- n
+ —————Q . 1at,
Ati po{i-1n i
where
Qpij - 1is the total inflow to j-th hydropower stations (HPS)
reservoir during i-th time interval;
Qracij’ Qxcij’ Quenij’ Qwij' Q@ij' Q&Sij - are water discharges

through HPS, the dam, evaporation, navigation locking,
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sewage, and use, respectively:;

n - are the numbers of the upstream HPS adjoining the j-th
one;
Tij - transition time for j-th and (j+1)-th cascade stages;
W.., W,. . . . . L.
ij (i+1)3 - j-th reservoir capacity at the beginning and the

end of i-th time interval respectively,

i - the time interval.

Despite the fact that the code deals with static capacities,
the introduction of transition times (Tsvetkov 1967) describes as
a rough approximation the reservoir capacity dynamibs. The opti-
mality criteria in this code are formulated in terms of energy
production--maximization of HPS power output. In addition, more
complex criteria, dealing with all power plants of the energy
system and oriented toward minimization of the total fuel con-

sumption by the thermal power plants are used.

The demands of non-energy water users and consumers are
reflected in the constraints, where the lowest admissible water
level along the entire length of the river, and water releases
necessary for fish-breeding and irrigation, as well as other
constraints, are explicitly described. The constraints also
include some energy-related operational conditions, e.g., peak
and intermediate power output of hydropower stations, capacity

of electricity transmission lines, etc.

For finding the optimal solution, the projected gradient

method is used in these codes (Kuzmin et al. 1977).

The "PK" codes have been used in the USSR for a number of
years in daily practice, for control of large HPS cascades.
Using these routines at the design stage for deterministic cal-
culations with a hydrograph series, one can obtain regular dis-
patcher operating rule curves, e.g., with the help of regression
analysis. However, in design practice in the USSR, other dis-
patcher rules have become much mure widely used. These rules
are now referred to as heuristic, and their detailed description
is given in Kritcky and Menkel (7952), and Reznikovsky and
Rubinstein (1974).
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Simulation of a system's behavior under different hydrologi-
cal conditions, and development of the heuristic rules for varying
parameters of the system are usually computerized. So even in
the early stages of system design it is possible to take future
working conditions, such as dynamic reservoir capacities, sani-

tary constraints, etc., into account.

It is ~ppropriate to give here a short review of the existing
cascade control methods, using as an example some reservoir cas-

cades which exist or are under construction in the USSR.

THE ANGARA-ENISEI CASCADE

The Enisei is the biggest river in the USSR. 1Its basin
area approaches 2.5 million kmz, while mean annual streamflow
is 585 km3. The total length of the river basin is almost
90,000 km. The theoretically possible hydroelectric potential
of this river is close to 600 billion kwh/year (Voznesensky 1967).
Six hydroelectric plants, with a total installed capacity of
over 10 million kw and a mean annual output of about 70 billion
kwh (Dimitrevsky 1962), are scheduled to be built on the Angara

river.

A characterictic feature of this cascade is the very high
degree of streamflow regulation made possible by construction

of the Bratsk reservoir, and daimming of the Baikal lake.

The Angara's energy resources were tapped by building the
hydroelectric plant with an installed capacity of 660 MW in the
upper reach of the river. The next step was the construction
of the Bratsk HPS with a capacity of 4,100 MW. Construction of
the third stage of the cascade (Ust'-I1lim Power Plant) is now
close to completion. 1In its first phase it will have the in-
stalled capacity of 3600 MW. The total annual energy output of
these three Angara hydropower stations will be close to 50 billion
kwh (Dimitrevsky 1962). The fourth stage of the cascade--
Boguchanovskaya hydropower plant--is currently under construction.
Its installed capacity will be 4000 MW, and mean annual cutput
17.8 billion kwh.
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On the Enisei river, the Krasnoyarsk HPS has also been put
into operation; its installed capacity is 6000 MW, and the mean
annual output is 20 billion kwh. The Sayano-Sswshenskaya HPS,
with a 6400 MW installed capacity and 23.5 billion mean annual
output is being built (Voznesensky 1967). Enisei, Igar and
other hydropower plants are in the design stage. Research on
the possibility of building large power plants on lower reach
tributaries of the Enisei is going on. Research on the joint
operation of the Angara and Enisei hydropower plants in the

Siberian energy system is of particular interest.

Working from the fact that tne natural, unregulated stream-
flows of the Angara and Enisei are asynchronous and that these
are differences in the regulating capabilities of their reser-
voirs, special rules for operation of these power plants were
developed. These rules were called "Interbasin Electricity
Compensation Regulation";they are used for regulation of the
hydropower plants' energy output. In accordance with the rules,
the upstream Enisei HPS which had rather weak reservoir regqulating
capabilities was assigned to a lower level in the control hier-
archy, and it was allowed to operate so as to optimize use of
the Enisei streamflow. The Angara HPS constituted the upper
level in the control hierarchy. These two play a compensating
role by raising the fluctuating output of the Enisei hydropower
stations up to the value guaranteed to the system with a certain
reliability (Reznikovsky 1969). As a result, the overall guar-
anteed output of the Angara-Enisei cascade was raised consider-
ably. For example, the increase in the guaranteed output of
only three HPS of the cascade exceeds 500 MW. This caused a
decrease in the capacities of the thermal power plants by this
value, which saved tens of millions of rubles. When eight hydro-
power plants are in operation, this value will increase by a
factor of three (Reznikovsky 1969). One should not forget, how-
ever, that water resources of the Angara and Enisei are used not
only for electricity production, but for water transport, water
supply, and recently also for recreation. The reservoir operating
rule curves for this cascade take into account the need to satisfy
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the demands of these users with a given reliability. Thus, even
at the design stage of the Angara-Enisei hydropower plants and
reservoirs, the systems approach was widely used. This helped

to deal with the problem by taking into consideration a variety

of environmental, technical, and economic factors which influenced
the effectiveness of HPS operation in the complex water and energy

system of Siberia.

The use of the systems approach in operating the hydropower
plants in this region raised their economic effectiveness. To-
gether with traditional methods, new techniques developed recently
were employed. The methods of statistical modeling of stream-
flow, developed specially for the Angara-Enisei cascade are
described in the literature (Reznikovsky 1969, and Reznikovsky
and Rubinstein 1974), and are now in constant use in designing
other cascades. Techniques were developed for long-range oper-
ating control of hydropower stations that have been used for a
number of vears. These techniques allow implementation of opti-
mal operating rules defined at the design stage. It should be
noted that the optimality criteria are rather sophisticated.

For optimization of a multi-~dimensional objective function, dif-
ferent iterative mithods are used, including gradient methods,
dynamic programming approach, etc. For deducing regular oper-
ating rules from optimal solutions, various heuristic and regres-

sion methods are applied.

In order to reduce the dimensionality of the optimal con-
trol problems (initially for the Angara-Enisei cascade of HPS) the
principles and practical techniques of hierarchical control were
developed (Reznikovsky and Rubinstein 1274). The introduction
of the hierarchical structure makes it possible to decentralize
to a large extent, the problem of ovperational HPS control for
some hydropower plants. It makes these problems partly autonomous,
without practically any loss of benefit in joint HPS operation
(Reznikovsky 1969, and Reznikovsky and Rubinstein 1974).
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Recently, for operational control of the Angara-Enisei hydro-
power plants, an attempt to use a new branch of probability
theory--the theory of controllable stochastic processes--was
made. In such an approach, the main relation is & stochastic
differential equation of water balance. The streamflow is ap-
proximated by a continuoug harmonizable Markov process. The
analytical description of streamflow is given by an autoregression
equation in transformations of streamflow values, which fit with
the Gaussian distribution. The constraints on control are
treated by penalty function, and the type of functions depend

on the availability level of the constraints.

The system of stochastic differential equations describing
the Angara-Enisei HPS cascade, the objective function and control
have been linearized piece-wise. This has allowed a reduction
of the optimal control problem to the solution of the matrix
kiccati equation of a small dimension (Reznikovsky and Rubinstein
1974) .

THE VOLGA-KAMA CASCADE

This cascade includes 9 hydropower plants, with two more
under construction. The cascade of reservcirs provides within-
the-year streamflow requlation. The main water users in the
Volga basin are the hydropower plants, water transport, fishery,
irrigation, and industries. The hydropower plants have important
functions: they are the source of electrical power and cover
peak-load demand, they regulate the frequency in the energy system
and provide the maneuverable blackout reserve. Construction of
the reservoirs on the Volga river, Volga-Don Canal as well as
the reconstruction of the Volga-Baltic waterway have turned the
Volga into a deep-water transport route which is constantly in
use. The reservoir construction program provided for intensifi-
cation of the irrigated agriculture in the valley. Fishery is
also a very important water user in the system; 50% of the coun-
try's total fish yield from inland waters and 90% of sturgeon

yield is from the Volga-Caspian basin.
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The demarnd structure in this basin is highly time-dependent.
For this reason, it is very convenient to break a year into three
parts: spring (flood-time), navigation (vegetation season), and
winter (normal water season). During the flood time, releases
into the lower course of the river, aimed to meet the demands
of agriculture and fish-breeding, have the greatest impact on
the operating regime. These releases may happen to by-pass the
hydropower plants and may result in non-filling of the reservoirs
by the end of the flood-time, which in turn leads to high economic
losses. During the navigation period, operating rules are mainly
defined by the irrigation and transport needs. In winter, the
main target becomes energy production and meeting peak electricity

demand.

A guaranteed supply to the energy producing branches of the
national economy are considered as given when analyzing the
operating conditions. They are defined as a result of a special
analysis, and remain comnstant for a number of years. The spring
fish breeding release is defined anew each spring, usually on
the basis of expert recommendations which take into account the
specific climatic conditions during that year (rainfall-runoff
forecasts, energy demands, etc.). Provided the uniform demand
of non-energy-prodicing branches of the national economy is given,
the optimal operating rule curves for the cascade of reservoirs
are found with the use of the above mentioned "PK" codes. Due
to the probabilistic nature of the forecasts, successive correc-

tions are made during the year.

In calculations for the nearest period of time, a streamflow
forecast is used, while for the rest of the year, the information
is limited to the conditional expectations of streamflow.

To meet the guaranteed demand of different water users, the
"PK" codes make separate calculations for low water hydrographs
of a calculated recurrence. These calculations permit definition
(as the upper envelope) of the curve of the minimum reservoir
water level, which cannot be decreased, so as not to fail to
meet the guaranteed demand in the next period.
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In practice, the operating service makes dozens of calcu-
lations during the year, using the "PK" codes, to keep system
operation at the optimal level. One of the most complex prob-
lems of cascade control is the distribution of scarce water
resources between users, in a conflict situation. This problem

may be solved in two ways:

-- on the basis of loss functions so as to minimize the
sum of losses;

-- on the basis of given priorities.

In the former case, the most difficult part of the problem
is to define the loss functions for different branches of the
national economy. For tie energy producing branches, the loss
function is defined with the use of the routine "PK": this code
enables calculation of the reduction of HPS output, in relation
to guaranteed output, and then with the specific losses per unit
kwh known, the total losses may be defined. The losses in other
branches of the national economy are defined by respective experts.
The clear drawback of such an approach is that the loss functions

so defined are rather rough approximations of reality.

The problem of water distribution in a conflict situation
is now quite often treated on the basis of preset priorities.
In such an approach, mathematical models of reservoir control
are used for simulation purposes: they help identify operating
rules for different priorities, when there are limitations on
supply. A successful analysis allows the decision maker to

refine the priorities,

NARYN-SYRDARIA CASCADE

The water system built within the iimits of the Syrdaria
basin now covers an area of 0.45 million km? and ensures half
the industrial and agriculturai output of the mid-Asian region
of the USSR.

The infrastructure and development of the WS of the Syrdaria

basin is predefined mainly by the needs of the single major



-119-

component of the system, namely, by irrigated agriculture. For
securing a stable water supply, as well as for melioration of
irrigated land, about a million irrigation canals were built,
with a total length of over 50,000 km. Together with the irri-
gation canals, the water system includes a dense network of
drainage canals with a total length of over 30,000 km. To im-
prove the water supply to the irrigation system in the flat areas
of the basin, nine water-level-raising dams were built. The need
to satisfy the growing demand during dry seasons and years has
predefined the necessity to build reservoirs for regulating
streamflow of the river and its tributaries. The effective
capacity of eight existing reservoirs is 10.3 km3. Four additional
reservoirs with a total capacity of 23.1 km3 are under construc-
tion. The biggest among the existing and planned reservoirs are
the Toktogul, Charvak, Kairekkum and Chardaria reservoirs. In
addition to agriculture, hydropower generation is an important

factor in the basin.

The general formulation of the control problem for the
Syrdaria system is as follows: find the operating rules for all
the water projects of the system, with the use of the information

on:

-- sites and peculiarities of the available water resources
(including return water) in the regulation zone;

-- operating rules and water demands of aggregated water
users;

-- sgites and working characteristics of all water projects.

A simulation of the system should lay the foundation for

solving the following water management problems:

-- definition of reasonable limits to which water resources
of the basin can be used, and consequently, the reliabil-
ity of water supply for separate and aggregated users
and the system as a whole;

-- definition of the conditions concerning external water
resource needs at different stages of the system's

development;
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-~ choice of rational operation regimes for the reservoir
system (both with and without interbasin links), and
to estimate the possible influence of these regimes on
the projects and environmental conditions in the ad-
joining territories;

-- development of the operating rules for the reservoir

cascade, as well as for other system projects.

The planning of the development of the basin's water resources

is now based on the principle "bottom first."” A plan is worked

out by analysis of individual water users and consumers, whose
demands are then summed up within the administrative regions.

Using this information, forecasts, and available data concernirg
streamflow and characteristics of reservoir site conditions, the
necessary calculations are then carried out. If users' demands

can be met, the reservoir operating rules are then defined by

dispatcher rules.

All operational alternatives for the Syrdaria system reser-
voirs are checked through the water management calculations. The
choice of the final variant is made by experts. If water is
scarce, the planned supply is cut down so as to balance the real
supply and demand. The percentage reliability of water supply
is defined by experts on the basis of established standards and
information supplied by special committees especially established

for the fair distribution of water.

In high water years, if the danger of land flooding is acute,
decisions about forcing the reservoir levels, special releases,
spillover and other flood control measures are made. Plans are
usually made for long periods (vegetative and winter, subdivided
into months), but also for periods from a day to a month.

Development of irrigation in the basin and construction of
new reservoirs with carry-over regulating capabilities and power-
ful hydropower stations creates new demands on the methodology
of defining optimal operating rules for the system. This also
forces a lengthening of the planning horizon and makes the manage-

ment problems much more complicated.
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The simulation model for the Syrdaria basin, which is being
developed now, does have to help solve water management problems

in the basin under constantly varying conditions.

The following principles were chosen as a basis for the
system of simulation models.

1. Water availability for the users in low-water periods
may be raised by presetting the minimum level of water
supply.

2. The cut in water supply is forecasted for each user in
accordance with- a special table. This table contains
information about the feasible limits of water supply.

3. In limiting the demands, users' priorities are taken
into account, which are presented in a table where the
users are listed according to their importance.

4. The excess water is balanced out among the reservoirs,
first by the nearest one, and then one by one, downstream.
As soon as the highest permissible level is attained,
the remaining water is discharged into the Aral sea.

5. In hign-water years, in case the danger of flooding is
present, special decisions about forcing the reservoir
levels, s:ecial releases and additional spillover capac~
ities are made.

6. The deficit, if any, is met by releases from the nearest
upstream reservoir till its water level attains the
minimum limit. Next, water is released from the upstream
reservoirs. If these measures fail, the supply is re-
duced in accordance with the users' priorities.

7. Filling all the reservoirs at the end of the last period
of a year should correspond to a preset level depending
on the climatic conditions prevailing in a given year.
The upstream reservoirs take priority over the others.
If the preset levels are unattainable, the correction
of their final levels is made with respect to their

priorities and the user's priority table.

Experimental runs of this simulation model have allowed

estimates to be made of the raliability of water availability
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for separate and aggregated water users as well as tor the basin
system as a whole. They helped also to evaluate the extent of
the deficit under different climatic conditions, and for different

stages of the system's development.

THE DON WATER SYSTEM

The Don water system consists of complex waterways and water
projects supplying water to various users, mainly for irrigated
agriculture and pasture inundation, water transport, industrial
and urban use, fishery, energy production and the maintenance of

sanitary flows in the lower course of the Don.

The main water projects in the system are the Tsymlyanskoe
reservoir, for carry-over streamflow regulation, and Nikolaev
and Kochetov low-head dams, which maintain sufficient levels
for navigation on the lower Don. Besides that, construction of
the Konstantinov low-head dam has begun, and building of the
Bogachev regulator is planned. These projects will complete
the measures taken to improve the transport conditions in the

lower Don.

The current water situation in the Don basin is defined
mainly by the growth of water demand at the upper and the lower
course of the Don, as well as by the need to release substantial
amounts of spring water from the Tsymlianskoye reservoir. This
considerably tightens the operating conditions in the system
and requires qualitative changes in the operating rules developed
earlier. A system of mathematical models has been developed
to investigate the Tsymlianskoye reservoir control. This allows
simulation of the long~term operation of the WS and analysis of

different operating rules under various climatic conditions.

This methodology was used both for analysis of the tradition-
ally adopted dispatcher rules and for development of special
operating rules for spring fishery passes from the Tsymlianskoe
reservoir using the hydrological forecast of the spring inflow
capacity, made 2-5 months beforehand. The results obtained were
analyzed from the point of view of the USSR indexes of water
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supply reliability concerning different water use categories,

and judged by the efficiency criteria of the runoff use. These
results allowed decisions to be made both in an expert way and
by using loss functions derived on the basis of different hypoth-
eses against the shortage of water in different components of

the WS. The simulation model of the Don WS was used for more
accurate definition of operating rules of the Tsymlianskoye
reservoir. Besides that, the model made possible a large range
of investigations on different water systems' operational

aspects, such as:

1. Questiong of reliability of water supply to different
water users under various operating rules.

2. Dispatcher's operating analysis, methodology of
preparing the dispatcher rules; impact of the location
of controller's lines on the level and time of water
shortage; calculation of the impact of water supply
regularity on the dispatcher rules.

3. The analysis of permissible relationships between the
guaranteed water supply provided and the degree of
runoff use under the conditions of complex water
resources use.

4. Establishnient of the initial data for comparative
analysis of such methods of management as dispatcher
rules, successive corrections, and table of priority.

5. Defining the permissible degree of specifying con-
cretely the operating rules when solving the tasks of
WS at different levels.

Analysis of the above-mentioned questions and the improve-

ment of simulation models are subject to further investigation.

CONCLUSIONS

The development of reservoir cascades is characterized now
by the complexity of relationships between a water resources
system, its environment and various branches of the economy,
by the contradictory character of different water users' interests,
and by the difficulty encountered in expressing these interests

in terms of one criterion.
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The problems concerning operation of such reservoir cascades
can be solved to a large extent by using the system of simulation
models which will permit evaluation of the reaction of the water
system to the change of its input characteristics. 1In this way,
a vast amount of information about the way the system functions
under different conditions can be derived for analysis and

decision-making.

The impact of the use of the simulation models to a great
extent depends on the available information on the size and
characteristics of the cascade, about water resources, water
use and economic information defining the rules of cascade
operation. Accuracy and the type of information depend on such
factors as the stage of the operational task decision, depth of
runoff regulation, structure of the water system, etc.

Water systems belong to the class of large systems with
partly undefined and probabilistic information. Specifying
the size and operational regime of such systems relates to the
class of two-step stochastic optimization tasks. Taking into
account the multipurpose character of water systems, the vector-
function stands for an optimal criterion. Examples of the use
of simulation models presented in this paper illustrate the

application of the systems approach to water management problems.
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1. MULTIPURPOSE RESERVOIRS

Most reservoirs, in particular the large ones, have multi-
purpose functions. The various uses of reservoirs may be grouped
under the following categories:

a. Water supply: - municipal (drinking water etc.)'

- agricultural (water for irrigation)
- industrial (water for production, for
cooling etc.)

b. Flood control: flood flow retention in order to pre-

vent inundation

c. Energy production (hydroelectric power)

d. Flow augmentation, in particular during low flow periods,

to guarantee in the downstream river section:
- the required minimum flow,
- sufficient water quality (considering the unavoidable

wastewater releases into the river)

e. Recreation, fishing etc.
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2. GENERAL PROBLEMS IN RESERVOIR OPERATION

According to the increasing water demand and to the growing
amount of waste water, the reservoir functions mentioned above
under (a) and (d) have become increasingly important. They are
characterized by a typical seasonal variation with a remarkable
demand peak in dry and hot summer periods when the natural water
yield is generally low.

During such periods, the users try to satisfy their increased
demand from the reservoirs. Therefore, the responsible water
authorities are interested in storing as much water as possible
during periods of increased flow, in particular during flood
periods. This leads to the following principal problem in re-
servoir operation:

- the desire to reduce the flood control volume of the

reservoir in favor of increased water storage for
low flow periods (problem of reservoir space allocation).
The other general p.oblem is:
- to find an optimum or at least reasonable strategy for
the distribution of reservoir water among the dif-
ferent water uses to be supplied (allocation of reservoir

releases).

3. MODEL SYSTEMS FOR REAL-TIME CONTROL AND LONG-TERM SIMULATION

The solution of both problems is more critical the higher
the water demand is in comparison with the available water re-
sources. Under such conditions it is necessary:

1. to design and install an efficient real-time fore-

casting and control system in the river basin which

enables the responsible water authority to control the
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reservoir releases of a predetermined "optimum" long-
term control strategy, and

2. to simulate the "natural" flow regime of the river basin
over long periods as accurately as possible and to derive
a control strategy which provides an optimum long-term
water supply for all important users.

In the GDR, for the solution of these tasks comprehensive systems
of mathematical models and computer programs have been developed
and applied. 1In keeping with (1) and (2) they are denoted as:

a. real-time forecasting and control models, and

b. long-term simulation models.

Both model systems have become important tools in the manage-
ment of water resources systems (WRS), especially of those with
reservoirs. Their basic structure is the same as represented
schematically in Figure 1. Main differences are:

- the real-time model (1) is coupled with an operational
data sampling and transmission system (see Figure 2) and
the computation time increments are adequate to the pro-
cesses (one or some hours)

- the long-term simulation model (2) requires greater com-
putation time increments (usually one month) and accor-
dingly simplified versions of some submodels of the WRS.

Further information is given in Becker (1977, 1978), and Lauterbach

and Becker (1977).

4. OPTIMUM REAL-TIME RESERVOIR CONTROL

Main functions of the real-time control model are (with

regard to reservoirs):
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Necessary Components
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Figure 2.

Calculation of Reservoir
Operating Rules which
Satisfy the Aciual De-
mand (Shortterm Qptimum)

'

Actualization of the
Previous Forecosts

'

Application of the Cal-
culoted Operating Rules
ond Distribution of
the Forecasts

Necessary components of an integrated operational

hydrological forecasting and control system of a
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- short-term forecasting of the hydrological and other
state variables in the river basins to be controlled
(some days or weeks ahead)

- calculation of operational control rules for the reser-
voirs which guarantee an "optimum" satisfaction of the
actual demand considering:

o the forecasted state conditions (feedforward control)
o the predetermined optimum long-term control strategy.

The necessary components of those models and the main
activities in their application are presented in Figure 2 (as
a refinement of part A of Figure 1). Further explanation is
given in Becker, 1977.

In the following, only the most important control cases re-
quiring rather detailed and accurate control calculations should
be considered:

- flood control

- low flow crntrol

- water quality control (waste concentration in rivers).
In all these cases the objective of the control calculation
may be expressed as follows:

- Definite "requirements" (control objectives) ZK(t) are
given for selected cross sections K downstream of the
reservoir (mostly constant or seasonally varying maxi-
mum and/or minimum flows and/or maximum waste concentra-
tions along the river).

- The state variables QK(t) to be controlled (actual flow
or concentration) should approximate these control ob-

jectives ZK(t), but should not exceed them.
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Thus, the objective function for the control calculation may be

written as:

t

1
(Z,(t) _ 2 _
J K Q (£))© dt = MIN (1)

0 until t1 is the nearest controllable

future (see Figure 3; feedforward control).

where the time period t

For simplicity, we omit the index K in the following, keep-
ing in mind that the equations apply in the same form to all
interesting reference cross sections K.

Q(t) consists of two parts:

- a noncontrollable part QN(t) (e.g., natural runoff of

uncontrolled varts of the river basin)

- a controlled part QCO(t) related to the controllable

release function u(t) of the reservoir (or of any other

water management installation) via an operation F:
QCo(t) = Flu(t)], u€y (2)

U - set of feasible control functions. In the case of linear

systems, F may be replaced by the convolution integral:

t tN
QCo(t) = ( u(T)h(t-T)dT = J h(T)u(t-T)d4T (3)
J

t—tN
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-t

Figure 3. Definitisn sketch for real time control calculations.
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or, in discrete form:
N
QCOm = E h., u__. (4)

where h is the pulse response function of length ty (or maximum
number N of ordinates in distance DT). According to Q(t) = QN(t)

+ QCO(t) we can write:

i “m-i (5)

m=1,2,3...,M (according to t, until t,; see Figure 3). Then
the objective function (1)O may be written as:

M N

L ((Zm - QNm) - Z h., u ) = MIN (6)

=1 i

The task is to find in each interesting situation t0 such
a function uk(k=1,...,M) which makes the expression in example
(6) minimum (optimization as indicated in Figqures 1 and 2). The
ordinates u, can be determined directly if a so-called "smooth-

ness" constraint is introduced in example (1):

t
1
J‘ (A u2(t) + (Z(t) - Q(t))z] dt = MIN (7)

u
to

where X is a weighting parameter (the greater A the smoother u).
Then equation (6) reads as follows:
2 M

N
+ L ((Zm - QNm) - I h.u__.)% = MIN(8)
m=1 =1 i
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The differentiation of this equation by uk(k=1,...,M) leads to

a system of linear equations for the uy -

Equation (6) clearly reveals two important facts:

- the optimum release function u depends on the non-
controllable part QN of the system output

- under certain conditions the objective function Z cannot
be fulfilled by controlling u {(e.g., in the case of floods,
if QN already exceeds the limit Z).

Both facts indicate the major importance of accurate short-term

forecasts of QN.

5. APPLIED TECHNIQUES OF REAL-TIME CONTROL CALCULATIONS

Real-time control calculations for reservoirs have been
carried out in the GDR for the following cases:
a. Flood control:
Calculation of the maximum acceptable reservoir re-
leases u which guarantee that the inundating discharges
Z along the downstream river section will be nearly
reached but not exceeded (if the noncontrollable flow
QN is smaller than Z). This calculation is required:
- to prevent inundation during the peak flow period,
- to release the storage of the flood control volume
VF of the reservoir as soon as possible during the
flow recession and,
- to get additional storage volume before the peak
flow period.
b. Low flow augmentation:
Calculation of the reservoir release u necessary to

guarantee the required minimum river flow (2)}. Excesses



-138-

that might be caused by short-term natural flow rises

during low flow periods, should be avoided in order to

save as much water as possible for other purposes and
for the subsequent period.
c. Control of salt concentration within a given limit:

Calculation éf:

- the permissible maximum salt wastewater releases
from smaller wastewater reservoirs which can be
discharged by the actual river flow without excee-
ding the given salt concentration limit. It should
be pointed out that a successful operation of a con-
trol system of this type is only possible, if the
wastewater reservoir and the fresh water reservoir
are in parallel so that mixing takes place at the
confluence of the two rivers.

- releases from fresh water reservoirs necessary to

prevent forecasted excesses of the given limit value.

In the case of linear systems these control calculations
can be carried out on the basis of example (8). Another tech-
nique which can be applied also in the case of complex and non-

linear systems is an alternative search for the optimum function

u, on the basis of equation (6). The main steps of this tech-

k
nique are (according to Figure 1, part A):
- estimation of the necessary amount of reservoir re-

leases and of their travel time T = T(Q) to the

interesting river cross section:

= - 9
U1 I~ N (9)
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where IT = T/DT = approximate number of time intervals DT.

- forecasting of the resulting Q(t) by means of available
routing models

- iterative correction of the amount of the control re-
leases u and of the time lag IT until the calculated
system output Q(t) adequately fits the control objective
Z(t).

- If different control sections K have to be considered,
separate calculations can be run for each of them.

Finally that release function u, can be selected which

k
fulfills all functions ZK(t)'
This technique has successfully been applied within the
operational system for forecasting and control of river flow
and salt concentration in the central Saale river and for flood

control in the Bode river (Becker, Sosnowski, 1977; Becker,

Krippendorf, Thiele, 1978).

6. LONG-TERM MULTI-SITE FLOW SIMULATION

The required reliable long-term simulation of the flow
regime in a river basin has been developed in the GDR on the
basis of a stochastic simulation technique (Monte-Carlo tech-
nique) considering the flow process as a multi-dimensional,
unsteady, normed-normally distributed MARKOV-process of higher
order (Schramm, 1974/75, Krippendorf, Rddiger, Schramm, 1976).
The basic simulation provides time series of monthly flows over
periods of 1000 or 2000 years (or 50 runs over 50 years, for
example) in order to cover the large variety of possible extreme
conditions (successive years of critical low flow, series of

extreme floods, etc.).
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For flood periods, however, the simulation of the monthly
means of flow is not sufficient because:
- the dangerous periods of floods are generally of shorter
duration, particularly in mountainous river basins
- the flood control problem (see Section 1) can be solved
adequately only on a daily basis.
Therefore, additional flood flow simulation techniques have
been developed generating daily flows during flood periods by
means of special stochastic simulation techniques. The monthly
flows generated by the basic model are left unchanged in the
flood simulation, i.e., the simulated long-term regime is fully
preserved (see Figure 4). A more detailed description of this
technique is given in other papers (Gr#newald, 1977, Becker,
Glos, Grlinewald, 1979).

7. DERIVATION OF AN OPTIMUM LONG-TERM CONTROL
STRATEGY BY INDIRECT OPTIMIZATION

One technique has been found effective for the treatment
of complex large-scale WRS with reservoirs: the simulation
technique allowing the evaluation of the effects of different
planning and control alternatives and the selection of an op-
timum long-term alternative by comparing these effects (indirect
optimization) (Schramm, 1976). Regarding Figure 1, the basic
steps of this technique can be characterized as follows:

Taking the time series of generated flows (monthly flows
normally, daily flows during floods periods) as the

- available water resources, and

- a definite initial control strategy for the reservoirs
and water uses in the river basin,

an initial calculation of the resulting state conditions is
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carried out from month to month and
- a balance (comparison) is made with water demand (in-
cluding all requirements) for interesting reference
points.
If the demand, at least in some reference points, 1s not satis-
fied sufficiently, then the following alternatives are con-
sidered, or decision variables varied (see Figure 1):

- different control strategies for the controllable elements

of the WRS, especially for the reservoirs;

- different water distribution principles;

- different technologies of water use and accordingly dif-

ferent water demand alternatives;

- different configurations of possible new elements of the

WRS (additional water uses, water treatment plants, res-
ervoirs, water transfers, levees, etc.) including the
consideration of different dimensioning (maximum water
stages, discharges, storage volumes, degree of water
treatment, etc.) and timing of the constructions (as
required).

For each alternative considered, the balancing is repeated,
the water deficits, degrees of excess of the given limit values
of water quantity and quality, the resulting costs, etc. are
determined and registered (see Figure 4.).

In addition, frequency distributions of the interesting
variables are established. The main steps of this simulation
process with special regard to reservoir control are represented
in Figure 4. These operations organized by a scenario (a
skilled operator or a computarized strategy) are continued until

the objective function is fulfilled adequately. The objective
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function is defined in its general form as follows (Becker, 1977,
1978) :
- Derivation of a control strategy and/or of an invest-
ment alternative (i.e., for reservoirs) which ensure
o minimum (acceptable) material and financial efforts
(minimizing the total material and financial
efforts and losses in the WRS considered)
o a sufficiently stable water supply for all water
uses to be considered
o a sufficient protection against floods and insuffi-
cient water quality.

The terms "sufficiently stable water supply" and "suffi-
cient protection" are related to the "matrix of requirements"”
of the river basin containing all upper or lower limit values
of important hydrological and water quality parameters (related
to definite reference points such as river reaches, reservoirs
etc.). Additionally, for the solution of optimization tasks
in planning and long-term management, the precautions desired
for not exceeding these limit values are given.

That control alternative (and/or investment alternative)
which requires minimum costs and efforts and which best approx-
imates the matrix of requirements is finally taken as the in-
teresting optimum.

8. APPROXIMATIVE REPRESENTATION OF REAL-TIME CONTROL
PROCESSES WITHIN THE LONG-TERM SIMULATION MODEL

According to the variation of natural flow from day to day,
the monthly values of reservoir releases for flow augmentation
(UM) , calculated as the difference between the monthly value

of the demand flow (2M) and the monthly mean of the natural flow
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(QNM) at a reference cross section would be too small, To aveid
this error, a generalized function has been established on the
basis of available observations (see Figure 5). It enables one
to determine UM as a function of QNM (Krippendorf, Schramm, 1970).
An analogous relation is to be applied if the flow augmen-
tation is required in order to prevent short-term excesses of
given limit values of water quality parameters, e.g., of salt

concentration, a certain distance downstream of the reservoir.

Then the ablative effect of the river for short-term flow rises
and has an additional influence.

A similar problem is given if discharge or storage depen-
dent water transfers QT through channels or pipes of capacity
QMAX from or to a reservoir must be considered. Then a relation
as represented in Fiqgure 5 must be used for the calculation of

the monthly value of the transfer flow QTM.

9. STORAGE DEPENDENT CONTROL OF RESERVOIR RELEASES

In reservoir control it has been found reasonable to apply
a zoning of the reservoir storage volume (see Section 5). The
most important zones are (as a definite percentage of the total
usable storage volume):
- the flood control volume VF serving for the retention
of dangerous flood flow (with the required security).
If VF is filled, at least partly, then maximum possible
discharges are to be released from the reservoir (on
the basis of the results of the control calculations
mentioned in Section 5, point a.),
~ a critical minimum storage volume VCR below which the

reservoir releases U, necessary for a full supply of
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Monthly amount U of necessary reservoir releases for
flaw augmentation (A) and possible monthly water
transfers QT from or to a reservoir (B) in regard of
the innermonthly variation of the natural flow QN.



-146-

all users, should be reduced by a certain definite per-
centage PR below the demand level (e.g., PR = 10, 20,
30%). This is useful for saving water for supply
during long low flow periods.

Both storage zones may have a definite seasonal variation
according to the frequency of floods and low flow periods (VF(t),
VCR(t)). Within the long-term simulation runs, these parameters
can be varied systematically until:

- the smallest acceptable flood control volume VF(t) is

determined, guaranteeing that inundations might occur
only in the case of extraordinary high floods, i.e.,
with an acceptable low frequency

- a critical minimum storage volume VCR(t) and a supply

reduction percentage PR have beén derived which guaran-
tee minimum long-term losses (with special regard to
long low flow periods).

Two typical results of the long-term simulation reservoir
control are represented in Figure 6 and 7. Figure 6 (curve B)
represents the remaining flood risk, when the flood control
strategy described above (possible maximum release) and the
flood control volumes VF(t) according to curve A in Figure 6
are applied for the two main reservoirs of the Saale river.
Additionally, the negative influence of the reduced releases
before and after the flood (0.7 of the possible maximum) is
demonstrated in curve C (Becker, Kozerski, 1976).

In Figure 7, the possible flood damages and the subsequent
reliability of drinking water supply from the Bode reservoir

system are represented in dependence of the flood control volume
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of the main reservoir of the system (Becker, Krippendorf, Thiele,

1978). This figure could be taken directly for decision-making.

10. CONCLUSIONS

For an effective control of reservoir systems, it is con-
sidered necessary to apply advanced systems analysis techniques.
In the GDR two types of models are applied:

- the real-time control model for short-term forecasting
and control of river flow and selected water guality
parameters;

- the long-term simulation model for decision-making in
the planning and optimum long-term management of water
resources systems.

The basic structure and some modelling principles are ana-
logous for both model systems. The real-time control conditions
of the system must be represented adequately in the long-term
simulation model. The optimum control strategy derived by means
of the long-term model must be taken as a basis in real-time
control. The effective application of both model systems has
been demonstrated in the GDR in important river basins with

multipurpose reservoirs.
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1. Operation of Reservoir Systems in the Federal Republic of Germany

In the Federal Republic of Germany (FRG) the main water ways
(navigable rivers) are operated by the Federal Government while
all other river systems are operated under the guidance of Pro-
vincial Governments, which in turn delegate many of these duties
to regional offices. Furthermore several river systems are ope-
rated by river authorities responsible for all activities con-
cerning water in a particular catchment. When hydropower plays
an important part reservoir operation is often in the hands of
power companies.

The government agencies frequently ask private consulting firms
to plan the design and operation of water resources systems
(WRS). The hydraulic structures, too, are usually designed and
built by private construction companies. This overview shows
that in the FRG seven types of agencies are concernd with design
and operation of reservoir systems:

1. Federal Ministries S. Power Companies
2. Provincial Ministries 6. Consulting Firms
3. Regional Government 7. Construction Firms

Authorities
4. River Authorities

This heterogeneous setup has advantages and disadvantages. Dis-
advantages are non-uniformity in design and operation of WRSS,
inertia in certain authorities, competition between objectives.
Advantages are that new ideas are introduced from various sources,
competition between system operating agencies, pcssibilities for
competent engineers to find adequate jobs.

Due to the fact that many German firms are involved in development
aid projects in various continents they have to face the compe-
tition of other internationally operating firms from many countries
of the world. Therfore they have to be familiar with modern tech-
niques, also in the field of design and operation of reservoir
systems .

This way sometimes modern techniques are first applied in other
countries and then only find their way into German water projects
at home.
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The fact that 7 types of agencies are involved in water re-
sources is the reason why design and operation of WRSS in

the FRG in performed on very different levels as far as the
application of modern design and operation techniques is con-
cerned. Therefore it is impossible to give an overview of the
techniques applied in the FRG but rather to give some examples.

Some Selected Water Resources Systems in the F.R. Germany

Since chere are hundreds of reservoirs in the FRG belonging to
many river systems all of which are, of course, operated some
way are other, it is impossible to give an overview of the ope-
ration of all these systems.

While many reservoir systems are still operated following some
empirical or traditional operating rules there are several others
which are operated according to modern reservoir operating policies
applying techniques of systems analysis and operat:ions research.
Some of these systems which are operated this way or are being
analysed with the aim to operate them in an adequate way are shown

in Fig. 1.
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Fig. 1 Map of the F.R. Germany, Showing Some Catchments of
Reservoir Systems



-154~

It may be of interest that those agencies actually administra-
ting the reservoir systems (government agencies or river autho-
rities) usually ask the advice of either private consulting
firms or of vniversity institutes if they decide to apply modern
techniques in order to improve the operation of their reservoiv
systems. Some examples for cooperation between water authorities
and universities aregiven in table 1. Chapter 4 will briefly
discuss the systems and the techniques applied.

No. System Cooperation between

1. Aller-Leine-Oker Province of Niedersachsen +

Techn. University Hannover

2. Ruhr ; Ruhr River Authority +
Harz Techn. University Braunschwelg
3. Wupper Wupper River Authority +

Ruhr-University Bochum

4. Lech Bavarian Ministry of the Interior

Technical University Munich

Table 1 Examples of Cooperation

Operation of the Wupper Reservoir System (1,13)

As an examplé for the operation of a multi-unit, multi-purpose
reservoir system the Wupper system was chosen (No. 3 in table 1)
- not because it is better than the others, but merely because
the author is actively involved in this work and therefore feels
more competent here, The example is typical for a new trend in
the F.R. Germany because

1. Cooperation between a river authority and a university was
chosen

2. The techniques applied are presently very popular, i.e. dynamic
programming and a simulation technique.

The Problem of the Wupper System

The Wupper-River-System as considered in this project comprises
six reservoirs. Five of them, which are already in operation, are
connected in parallel (see Fig. 2) and one, to be built, is in
series with all others. Reservoir capacities range between 0,3

and 25,9 - 109m3. The purposes of these reservoirs are drinking
water supply, flood control, recreation and low-flow augmentation.
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Figure 2: Wupper-River-System

The water gquality of the Wupper-River is frequently very low,
especially downstream the city of Wuppertal. To improve the
quality many sewage treatment plants have been constructed in the
watershed and the construction of the Wupper Reservoir having a
capacity of 25,9 - 10®m3, has been planned. The main purpose of
this reservoir, together with the existing ones, will be to try
to increase low-flow at Wuppertal as much as possible to dilute

the already treated wastewaters and to improve ecological and
aesthetical aspects.

Up to now the five upper reservoirs were operated trying to achieve
a minimum-flow goal of 3,75 m3/s, which was reduced to about 2 m3/s
in critical periods. This operating procedure was violated in many
months during historical operation of 32 years.

The Approach Chosen for Problem Solution

The solution of an coptimization model for a stochastic, multiunit,
multipurpose system would be impossible given todays computer ca-
pacities and velocity, unless many simplifying assumptions on
system performance are made. Therefore several authors have com-
bined various optimization techniques or optimization and simula-
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tion. Hall (2) combines the use of dynamic and linear programming
techniques whereas dynamic programming is used for single reser-
voirs and linear programming for the whole system. Loucks (9) uses
a linear program to solve a simplified model of the system and then
simulates its operation with the optimal values of the decision va-
riables as starting parameters. Kindler (6) and Sigvaldason (12)
applied a simulation model to a complex system, wherein at each step
a linear program was solved to find optimal releases. The approach
suggested herein has been tested by R. Harboe (3) for a simpler
system and it is thought that good results can be obtained exten-
ding it to larger systems.

This approach consists of two steps, namely optimization (dynamic
programming (DP)) as a screening model (first step) and then simu-
lation (second step) which uses the optimum result of the first

step as primary solutions. While the screening model works with

the simplified system and process the simulation uses the real
system and process. At present only the first step has been advanced
far enough to be reported.

Optimization techniques are used in the first step to reduce the

range of possible alternative operating rules. Optimization itself

is carried out in three stages:

- obtaining single reservoir operation,

- defining subsystems, each of them consisting of several reser-
voirs and obtaining their operation rules

~ combining the subsystems, thus representing the whole complex
system and simulating their operation.

In the first stage optimum operation of reservoirs regarded as
separate units is found by applying the deterministic dynamic pro-
gramming technique successively to all reservoirs.

The objective function maximizes minimum flow at the control gage.
Other objectives are treated as constraints or parameters that are
allowed to change in different time periods.

The stochastic character of inflow to the reservoirs is implicitly
taken into consideration when using both historical and synthetical
samples as input to the model.

Then, in the second stage, the whole system is divided into sub-
systems. Several neighbouring reservoirs are regarded as subsystems
(see Fig. 2). Incremental dynamic programming is used to get a higher
guaranteed minimum flow than that obtained by single reservoir ope-
ration, This iterative optimization technique is applied to reduce
computer time and storage as compared to standard dynamic program-
ming algorithms (4,7). The results of the first stage are chosen as
initial feasible policies which are required for the application of
incremental dynamic programming. Operating rules are then derived

by regression analysis and hydrologic considerations. In the Wupper
-River Basin the sequence of solution of the subsystems must be taken
into account, because subsystem I is solved first, and then the
optimum operation of subsystem II is found considering the results

of the optimum operation of subsystem I. Subsystem III is then solved
considering the results of subsystems I and II.
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Finally in the third stage the operating rules of the subsystems
are combined and the whole complex system is analyzed at a time.
At this stage of the procedure, decisions are made about priority
with which the different reservoirs are emptied in order to meet
the objective and the sequence in which reservoirs are called upon
for this purpose. Possible criteria are state of the reservoir,
inflow, level of reservoir development and evaporation losses. In
this way an improvement and accomodation of the operating rules to
the specific situation in the considered river-reservoir system

is obtained.

The approach developed in this paper will be kept as general as
possible in order to allow for its future application to any other
water resources system of comparable magnitude and complexity.

First stage, Optimization

The state variable in the DP approach is the reservoir content at
a time interval (here chosen to be one month).

The amount of water in the reservoir at the end of each period is
chosen as decision variable. The advantage compared with the
choice of release as decision variable is that there is no need
t7r iterative procedures to compute evaporation losses, since eva-
poration is an explicit function of water stored at the beginning
and end of each period.

The main objective is to maximize minimum flow at the control gage.
The following recursive equation is used:

= i +

£.(s ) max (min ((RELn Q) fn-1(sn-1”] (1)

RFZL

n

Sn : amount of water at the beginning of each pericd n
RE:Ln : release from reservoir during month n
n : periods, numbered backwards n = 1,2,....N
Qn : flow to be augmented at the control gage
fq(Sn): optimum return (maximum ©f minimum flow at control

gage) from periods n through 1

The state transformation equation can be written as:

s =S + I - REL_ - E (S8 , S ) (2)
n-1 n n n n n n-1
with In : inflow to the reservoir during period n
En : net evaporation losses from water surface of the

reservoir during period n

The following constraints are satisfied during the optimization:

- mandatory release: RELn 2 MANRELn
- £lo0d control : S s s
n max n
- spilling : Sn_1 S CAPACITY
As result of the optimization, a discharge level f (S ) at the

control gage is obtained. This level can be reacheg wyth 100% pro-



-158-

bability using historical streamflow record. Synthetic inflow
sequences may be applied, each of them leading to a different
value of the objective function. When using synthetic stream-
flow sequences it must be taken into account that several stream-
flow sequences must be generated at a time paying attention to
spatial crosscorrelation. These seguences are:

- inflow to each reservoir

- natural flow from thé catchment area between the reser-
voirs and the control gage.

With the results of the optimization, a forward simulation is
carried out, using the following operation rule: Release is maxi-
mum of:

a) mandatory releases (fish, aesthetical reasons, rights
of water users)

b) release necessary for low flow augmentation up to the
optimum discharge level found in backward optimization
(£,.(8 ))

c) reyeage necessary to satisfy the monthly floecd control
reservation (S s

d) release necessary tgagvgid spilling.

When applying this release rule there is no need for inflow fore-
casting because it will be possible to meet the low flow augmen-
tation target with 100% probability when using the same inflow re-
cord (historic or synthetic) as used in the optimization. In a
later stage of this research, the probabilities of reaching the
target (optimization with historical record) when simulating with
synthetic series will be calculated.

In the Wupper River System (see Fig. 2) first of all the Brucher
reservoir is operated optimaly to increase minimum flow at the
control gage in the city of Wuppertal, resulting from the catch-
ment area between the reservoirs 1 to 5 and the gaging station.
Then the program is run with Lingese reservoir considering the
flow already augmented by the Brucher reservoir (Neye reservoir

is not considered at this stage because of its intensive usage

as drinking water reservoir). In a third run the Schevelinger
reservolr increases minimum flow, already improved by the upper
two reservoirs. Finally the Bever reservolr increases minimum

flow at Wuppertal which already contains the releases of all upper
reservoirs. This order in which the reservoir operations are opti-
mized can certainly be reversed or any other sequence can be
chosen.

Now the Wupper reservoir, which is in series with all other reser-
voirs, gives a chance for regulating releases from the upper re-
servoirs for a second time. For the optimal operation in this first
step only the inflow to Wupper reservoir is the sum of optimal re-
leases obtained from all other reservoirs plus flow from interme-
diate catchment. By the application of the computer program

to the Wupper reservoir definitive augmented flow at the control
gage 1is obtained.
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These optimal operation policies obtained in this first stage
will be used later as a starting sclution (initial feasible
policy) for the more complex models which will include two

or three reservoirs each.

Results and Conclusions, Wupper System

From the preliminary results obtained for each reservoir only

the most important one of the Wupper reiervoir will be given

in Fig. 3. This reservoir yields 3,37 m /s as optimum minimum
flow at the control gage. Higher levels of flow, e.g. 4 or

5 m3/s can be achieved with probabilites below 100% and will

be simulated in the second stage. When operating the reservoirs
in the suggested way, long periods with stable reservoir contents
at maximum pool level are observed, which are desirable for
recreational purposes.

On the basis of these results a more detailed optimization will be
carried out, where groups of reservoirs will be formed and diver-
sions between the reservoirs will be taken into account. In the
second step, a simulation model of the whole complex system will

be developed to improve operating rules found in the optimization
part using historical as well as synthetic (multi-site) monthly and
daily data as input.

Other Reservoir Systems in the F.R. Germany

As mentioned before, out of the many German reservolr systems only
the ones given in table one will be discussed very briefly in
addition to the Wupper system.

Optimization and Simulation Models of the Lech River System

The use of optimization and simulation techniques on high speed
computers are very valuable tools for finding adequate operating
rules., There is, however, alsc another empirival technigque yiel-
ding good operating rules, i.e. long term experience with the
prototype of a reservoir system. The following investigation )
showed that this technique was only about 5 % inferior to a modern
optimal DP solution.

This research effort carried out at the Technical University
of Munich, was applied to the Lech-River System in southern
Germany near the Alps. Two parallel projects have been reported:

-~ In the first projekt, a stochastic dynamic programming model
of the Forggensee Reservoir which maximizes the return from hy-
droelectric energy production in 15 power-plants was developed
(5). The stationary operation rules obtained for the
reservoir were applied to actual historical operation in & simu-
lation model and improvement in energy production as compared
to historical production was shown (Figure 4).

- In the second project (38) several linear operation
rules were estimated through correiation using historical time
series of releases, reservoir contents and inflows to Forggensee
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4.2 The Aller-Leine-Oker Project

The main purpose of the project was flood protection in the cat-
ment of three rivers by construction of 40 flood protection reser-
voirs. Besides the flood protection itself the optimal sequence
of construction of the reservoirs (considering budgetary con-
straints) was of interest. The objective function considers con-
struction costs a well as benefits. These consist of reduction of
damages to the agriculture, reduction of damages in urban areas,
urbanization effects during the construction period of all 40
reservoirs, benefits from recreational effects of the reservoirs.
The technique used was D.P. applied to a decision process of n
steps. First step: state without reservoirs; each further step
consists of addition of subsystems. All subsystems are in series
thus allowing sequential decision processes.

4.3 The Systems of Ruhr Reservoirs and Western Harz

The Ruhr river reservoir system (10) and the reservoirs of the
western Harz mountains (11) in northern Germany are multi purpose
systems. Their objectives are low flow augmentation, water supply,
flood protection and sometimes hydropower. The Ruhr system con-
tains 5 reservoirs in the upper part of the catchment; the Harz
system contains 5 existing and 3 planned reservoirs. The Ruhr
reservoirs are parallel; those in the Harz mountains are parallel
and in series (some are connected by conduits).

The reservoir operation mode is dependent on the season and reser-
voir content. Time increments of 10 days are used, the reservoir
capacity is usvally discretized in 9 layers. Each layer is asso-
ciated with a ctertain release. The aim of the optimization of
reservoir operating rules 1s to avoid spilling and complete empti-
ness of the reservoirs as well as not to violate constraints of
given min. and max. releases. The reservoir states are simulated
with historic and/or synthetic data time series. By introducing

a geometric variation it is possible to optimize the operating
rule for a single reservoir. In order to check for a global opti-
mum the single reservoirs are lumped into subsystems. The results
of the optimization computations were tested in the operation of
the real reservoir systems and yielded good results.

5. Conclusions

In the Federal Republic of Germany reservoir systems are operated

by seven different types of agencies. Thus some systems are operated
in a more conventional fashion while others follow more modern
systems analysis approaches., The latter is usually achieved by
cooperation between a government agency or river authority on the
one hand and a consulting firm or an university institution on the
other.
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Introduction

This paper describes in brief and general terms the present usage of reservoir
operating rules in Great Britain. The paper starts with a simple description of the
numbers of reservoirs, their type and function, together with an indication of the
organisation of water services and the ownership of reservoirs. This has been
included so that the reader can relate the situation in Great Britain to that in his
own country. In recent years there has been an increased interest in reservoir
operating rules in Great Britain and the reasons for this are given. There are now
reservoir rules in use for several purposes but at the moment most interest :s
focusing on rules to safeguard public water supplies; typical rules are described in
some detail. The methods used to calculate operating rules are discussed and the
paper ends with some brief comments on the use of short-term forecasting models

and some needs for future investigation.

General Statistics

There are approximately 450 dams of 15 metres height or greater in Great Britain.
The majority of the reservoirs formed are relatively small impoundments situated
in Scotland, Wales and the north of England. Predominantly, thé reservoirs serve a
water supply function only. Approximately 20% of the 450 reservoirs are used for
hydro-power generation and there are a few reservoirs which supply water to the
national canal system. There are no reservoirs of any significant size used

exclusively foc flood protection or for irrigation.

Although public water supply impounding reservoirs in the west or north of Great
Britain form the large majority, the picture changes significantly if only the larger
reservoirs are considered. There are approximately 55 reservoirs in operation or
under construction witnh a volume of at least 20,000 megalitres. Nearly half of
these are used for hydro-power generation, almost all of them in Scotland. The

other reservoirs are used predominantly for public water supply and they are
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distributed fairly evenly throughout.the country. Figure | shows the location of
public water supply reservoirs which have, or will have a capacity greater than
20,000 Ml.

The type and role of large public supply reservoirs can be demonstrated by a
classification based on the manner in which water is taken into storage and the
manner in which it is discharged. .Approximately 40% of the total volume stored in
large water supply reservoirs is derived from gravity inflow and then discharged
through aqueducts direct to demand centres. A further 30% is also derived from
gravity inflow but the water stored is subsequently discharged to rivers at times of
low flow to support abstraction downstream. Some 20% of the volume stored is
pumped from rivers and then supplied direct to demand centres. The storage is
used to provide supplies when there is insufficient flow to permit river abstraction
to continue. The remaining 10% is represented by water pumped from rivers at
times of medium and high flow to be discharged later back to the rivers at times of
low flow to allow abstractions downstream to continue.

Most of the future growth in water consumption in Great Britain is likely to be met
by abstractions from rivers, supported when necessary by releases of water from
upstream surface reservoirs or from groundwater storage. The main rivers in Great
Britain which receive regulation support now or are likely to in the near future are
also shown on Figure |.

Ownership of Reservoirs

a) Public Water Supply

In 1974 responsibility for water services in England and Wales and ownership
of most reservoirs was given to 10 new large regional Water Authorities.
These authorities are responsible for water conservation and supply,
sewerage and sewage disposal, pollution control, land drainage and flood
prevention, and water based recreation, amenity and fisheries.

In Scotland the recrganisation of local government in 1975 resulted in the |2
newly formed Regional Councils being given, inter alia, responsibility for
water services. However, the Central Scotland Water Development Board
remained as a bulk supply authority and it provides water for approximately
15% of the population of Scotland. As the years go by the Board is likely to
provide all the water for growth in consumption in central Scotland.
Responsibility for pollution control rests with seven River Purification
Boards.
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In Northern Ireland responsibility for water services lies with the

Department of the Enviroment.
Others

Most of the reservoirs used for hydro-electric power generation are operated
by the North of Scotiand Hydro-England Board who own some 30 reservoirs.
Other reservoirs are operated for power generation by the South of Scotland
Electricity Board and in England and Wales the Central Electricity

Generating Board operate a small number of reservoirs.

Responsibility. for the cana] network rests with the British Waterways Board
who own some 90 reservoirs. Almost all of these are relatively small with

dams of less than |5 metres height.

Reasons for Increased Interest

in Reservoir Operating Rules

In the last four or five years there has been a quickening of interest in reservoir

operating rules in Great Britain. Four of the main reasons are given in this section.

a)

b)

Reorganisation of Water Services

Prior to the reorganisations of 1974 and 1975 most reservoirs were operated
by small undertakings exclusively for a single purpose, usually water supply.
The amalgamation of responsibility for several water services under the
control of large regional authorities has begun to result in a more flexible
approach to reservoir management. Whilst the water supply function still
dominates the operating policy, there is evidence that flood prevention,
river water quality objectives and recreation and amenity interests are
receiving more consideration. Managers are now more aware of wider
responsibilities and are more prepared to be convinced that operating rules
can make water available for several purposes which are not necessarily

detrimental to the reservoir's main function.
Joint Use

Historically, water supplies in the west and north of Great Britain were
derived from upland impoundments and supplies in the Midlands, south and
east were derived from sandstone or chalk aquifers. As water consumption

grew the major industrial areas had to turn to larger reservoir
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impoundments, often involving aqueduct transfers of water over long
distances. More recently as economic dam sites have been harder to find
and as aquifers have become fully committed water consumption has been
met from river based supplies. It is now accepted that the yield of a region
and the reliability of supplies is improved if water from one type of source is
supplied at certain times and from another type at other times. Although
there may be problems with blending water of different characteristics and
problems caused in distribution systems, the benefits are such that most
authorities now have some form of joint use scheme. The variable
quantities in surface reservoirs determine when changes in supply source

should be made at particular times of year.

New Definitions of Water Resource Reliability

Traditionally, the "reliable yield" of a source of water supply has been taken
to be the average quantity that can be supplied continuously through a
period of low runoff, such as might occur once or twice every 100 years on
average. This concept is now regarded by many as being of limited value
and potentially misleading. There are statistical problems associated with
defining such rare events from short records of runoff. Also, a "reliable
yield" cannot be taken as meaning that this level of output can be
maintained in all conditions other than droughts of 1 and 2% probability.
During a dry period there is much uncertainty as to its severity and no-one
can predict its duration. Consequently, the demand for water has to be

reduced and/or alternative supplies have to be found.

The realisation of this situation was brought sharply into focus during the
severe drought of 1975/1976. This has led to the concept of expressing
reliability in terms of the frequency, duration and intensity with which
restrictions have to be placed on water consumption. Reliability is thus
stated in terms of realistic, practical effects on the consumer. Several
water authorities are now defining target levels of service of water resource
reliability in terms of the expected frequency of banning the use of domestic
hose-pipes, publicity campaigns to reduce consumption, water pressure

reductions and the supply of water through stand pipes.

Most water authorities have recently produced reservoir operating rules to
give guidance on when measures should be taken to reduce water
consumption. The same rules used for the day to day guidance of the
reservoir manager are also used in planning studies to provide information on
the need for new resources. This need will occur when forecast increases in
demands cause the frequency of restrictions in supply to reach unacceptable
levels.
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Power Costs

Until recently many managers expressed the view that reservoirs should be
kept as full as possible for as long as possible. In the case of those sources
which had to be supplied by pumping, this maxim meant that water was
pumped whenever it was available for abstraction, regardless of cost and
regardless of the possibility of subsequent reservoir overflow. The rapidly
escalating cost of electricity supplies in recent years has caused several
authorities to define rules which give guidance on when pumping should not
take place, even though water is available and the reservoir is drawn down.
Such rules combine hydrological probabilities and the complexities of
electricity board power tariffs.

Types of Operating Rule

Although operating rules are sometimes combined to serve more than one purpose,

it is possible to classify the rules now in use in Great Britain according to the

function they serve. The techniques used during calculation are discussed in the

next section.

a)

b)

<)

d)

Joint Operation - rules which define when it is advisable to take water from
source A in preference to source B. The reason may be to improve the

reliability of supplies or to reduce operating costs.

Output Reductions - rules which define when supplies to the consumer should
be reduced, or when reductions in compensation water releases or prescribed

flow conditions are necessary.

Pump Refill - rules which define when pump inflows to reservoirs can be

reduced or should cease.

Flood Prevention - rules defining when releases from reservoirs should be
made to create storage and thereby retain subsequent runoff either from

rainfall or from snowmelt.

Power Generation - rules defining when water can be released to provide

water for power generation.

Amenity - rules designed to hold storage at particular levels to protect
amenity interests.
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Figure 2 shows in diagrammatic form a set of rules which are now typical of those
used for several water supply reservoirs in Great Britain. The precise form of the
lines must obviously depend on the nature of the reservoir, i.e. whether it is
gravity or pump filled, whether it is a direct supply or a regulating reservoir, the
hydrological pattern of probable inflows, the role of other reservoirs in the system
and so on. However, the zoning adopted is now quite common and merits some

additional comment.

The uppermost zone A represents a normal retention level. In a gravity fed
reservoir releases are likely to be made to hold storage down at this level to
provide some flood retention storage. In a pump refill reservoir pumping would not
take place whilst storage was in this zone and similar shaped lines below the one
shown here would be used to indicate when pumping could be at reduced rates, or
should occur during night time tariff periods only.

Zone B represents an area where water could be taken up to the limit of treatment
or distribution capacity if this was an economic thing to do. Also, water could be
released for auxilliary purposes, for example to improve river water quality or

fisheries management.

Zone C might previously have been regarded as the supply available under all
circumstances; a supply sometimes referred to as the design or reliable yield.

The zones at lower storage levels all represent some contraction of the normal
situation. Zone D is in effect an early warning zone indicating that a particular
reservoir is becoming vulnerable. Steps to be taken would include overdrawing
other sources if their curves indicated that this were possible, even though such an
action might be uneconomic; diverting additional manpower resources into water
saving measures such as waste detection and reduction; starting publicity
campaigns to ask consumers to use less water and if necessary using powers
available under the Drought Act 1976 to ban water for uses which were regarded as

non essential.

Zone E would indicate the need for a departure from river flow requirements. It
might take the form of an Order permitting a reduction in the water normally
required to be released to the river; or in the case of a pump refill reservoir,
relaxation of the licence or statute controlling the amount of abstraction or time
at which water could be transferred. Some authorities are attempting to make
such changes an automatic consequence of a certain condition of storage, rather
than using control curves merely as a guide to the need to secure the necessary

Orders required to authorise such a change.
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Zone F represents a very serious situation calling for reductions of 25 to 50% in

water consumption. This amount of saving is only likely to be achieved by reducing
the number of hours during which water is supplied through the mains network, or

by installing stand pipes.

The bottom zone is sometimes referred to as reserve storage, sometimes marginal
storage, and has resulted from a recognition of the uncertainty that exists during a
drought as to its continued intensity and future duration. This uncertainty calls for
a further element of safety over and above that incorporated into the control rules.
Typically, this zone would be equivalent to 20 or 30 days output at zone F levels of
supply and with an assumption of no inflow. When simulations are done using the
historical flow record the rules adopted for the earlier zones will be expected to

prevent storage falling to this reserve zone.

Methods used to derive operating rules

The techniques used to derive operating rules can, for convenience, be described
under three headings, although it is not uncommon for a particular study to
combine their use. The headings are

a) Analytical Optimisation Techniques

b) Probability Models

c) Simulation and Search Methods

a) Analytical Optimisation Techniques

These techniques use classical calculus and Lagrangiah multipliers in
mathematical programming to make explicit ranking of objectives. Both
linear and dynamic programming have been used often in conjunction with
simulation. These techniques became popular during the late 1960's and
early 1970's but they are now little used. Indeed although they were used to
calculate rules for several reservoirs there is now scarcely a source in Great

Britain for which rules calculated in this way are in day to day use.

It seems that the dichotomy between those responsible for day to day
operation of water resources on the one hand and the systems analyst and
operations research professional on the other is as strong as ever. There
appear to be several reasons, the main one being the difficulty of defining

clear objectives which can be minimised or maximised. Reservoir operation
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in Great Britain is dominated by the water supply function. The risk of
failure or reduction in supply has strong social and political overtones and a

concensus view on value judgements on these features has not yet emerged.

Another reason is that most of the larger reservoirs and water resource
systems are in an evolving state with increasing demands, additional
functions and rapidly changing costs. There is therefore a need for frequent
reappraisal of operating policy, objectives and control rules. Most
investigations using analytical optimisation techniques have been done on a
contract basis with research organisations and universities. Contract work
does not lend itself to frequent reappraisal and the use of mathematical
techniques has been hindered by a lack of "in-house" ability and experience.
This situation is changing slowly and a few water authorities are now
beginning to pick up the threads of this type of approach.

A third reason for the relative absence of analytical techniques has been the
comparative simplicity of the problems. Whilst most resource systems were
served by only a few reservoirs with only a single function, managers were
able to evolve near optimal rules from years of experience. This situation
has now altered to a large degree, partly due to recent re-organisations
which resulted in significant changes in management structures, functions
and areas of responsibility, partly because of changes in the resource

systems and thei- manner of operation.

Probability Modeis

A number of techniques have been used to describe the stochastic nature of
reservoir inflow. The transition matrix approach has been applied in several
instances but the most common method under this heading is the production
of inflow volumes of specified duration and probabilities. The use of one or
two percent probability runoff values derived from fitting log normal or
Gumbel distributions to inflow data is quite common.

A control curve derived from probability data will be used to indicate that,
given a particular volume of storage at a particular time of year and the
demand pattern used in the calculation (usually a constant rate of supply),
there is a specified probability of storage just reaching a subsequent voiume
some months later. Curves are commonly calculated for a drawdown phase
when the subsequent volume being guarded against is zero storage, or more
recently reserve storage, and for a refill stage when the subsequent volume
is the overflow level. Difficulties sometimes arise particularly during

autumn in defining which phase is of greater concern.
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Qver the last four or five years there has been a move away from the
calculation of inflow sequences of particular probabilities. Doubts have
been voiced about the assumptions regarding the distribution of the data, the
confidence limits that can be attached to calculations based on short lengths
of data, the problems of regional probabilities rather than site probabilities
and the feeling that persistence in hydrological data could be significant.
Some workers believe that rules based on the worst flow sequence in the
historical record, or the second worst is at least as good as a probability
sequence. It is argued that probability labels give an air of precision or
accuracy which can be misleading. Water authorities now seem to be evenly
divided amongst those using control curves with probability values attached,
those attaching a historic year label and those using no label at all but
stating that a simulation of a curve of a particular shape produces a
frequency of storage variation and output consequences which they regard as
acceptable to their authority.

Simulation and Search

Simulation techniques are now used in almost all reservoir operation studies.
Historical data sequences of typically 20 to 30 years are used to assess the
response to a particular operating policy, a given level of demand, licence
conditions and so on. Adjustments are made to any of these parameters and
through repeated simulation this searching procedure defines a "response
surface” from which a solution can be selected that is near optimal. The
yardstick of what is optimal or acceptable usually has to be a manager’s
experience or intuition, involving as it does a subjective balance of
frequencies of occurrence over a historic period, the costs of operation and

the patterns of output from different sources and so on.

The frequency with which certain actions might have been necessary over
the historic flow record is taken as being reasonably representative of the
the frequency which might result in the future. Using the last 20 to 30 years
of flow record as a guide to what will happen over the next 20 to 30 years
h;s a high degree of sampling instability and for this reason some authorities
have attempted to extend their length of flow record by using catchment
modelling techniques to produce flow data from rainfall and climate data.
The use of synthetic data generated statistically has been the subject of
several research studies but the level of confidence in its validity has not

yet been sufficient to warrant its use in reservoir operation studies.



-175-
Short Term Forecasting

Because most reservoired catchments in Great Britain are small in size and because
water supply is a dominant function there has only rarely been a requirement for
short term forecasting of reservoir inflows and storage fluctuations. The most
notabie exception applies in the River Dee catchment in North Wales where real

time control of storage is a feature of reservoir operation.

There are several other areas however where real time forecasting models are
being developed for catchments downstream of river regulating storage. The
purpose in these situations is to improve the accuracy of river flow forecasts at
downstream control stations several hours or even days ahead so that the amount of
water released from storage can be made to match more closely the precise
requirements as they subsequently materialise. Whilst there is currently
considerable interest in these models there are as yet no real time computer based

flow forecasting systems in operation in Great Britain.
Future Needs

In Great Britain there is no intrinsic shortage of water and there is only limited
competition for the use of storage. Also, reservoir storage problems are concerned
with smoothing out relatively brief shortages in the availability of runoff (most
reservoirs are critical >ver a single season only). Consequently there has been
little need for advanced hydrological, mathematical or programming techniques.
Indeed over the last few years a number of advanced techniques have been
abandoned in favour of a more simple approach. Future needs centre, therefore,

not so much on techniques as on a clearer definition of objectives.

The main area of activity in operating rule development currently relates to the
need for and timing of reductions in the amount of water supply normally made
available to the public. In the past there has been reluctance to acknowledge that
the frequency and intensity of shortages at water resource works is, to some
extent, under the control of water authorities. There has been rejuctance to state,
in realistic terms, the reliability of a particular water resource systerﬁ. This
attitude is changing but it is hard to see how standards can be proposed and
defended until more analysis has been done on the benefits of an uninterupted
water supply, the benefits of having water available to meet new developments,
and the costs of interruptions in supply of varying frequencies, durations and

intensities.
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There is also a need for more analysis of the benefit or cost of 'in situ' river
requirements for activities such as fisheries management, navigation, amenity and
flood reduction. Without some move towards a cost benefit type of study it will be

difficult to make optimum allocations of storage.

In the short time which has elapsed since the re-organisation of water services in
Great Britain many water resource systems have been made more reliable and
enhancements are being planned on a more rational footing. However, apart from a
general levelling up and standardisation of approach it seems likely that the
calculation and day to day use of reservoir operating curves will not extend beyond
the methods and usage outlined in this paper until the objectives of reservoir
management have been defined more clearly.
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The optimal operation of multi-reservoir systems is currently
one of the basic problems in developing water resources in Finland.
This is partly due to the need to revise old operation rules,
either because the objectives of the systems are changing or
because they have to be stated more explicitly. It has also been
generally understood that modern computers and optimization methods
would be able to handle even very complicated systems.

There are 55,000 lakes in Finland with a total area of
31,000 km2. This accounts for about 9 per cent of the country's
total lake area. If these lakes were evenly distributed over all
the watersheds there would be excellent natural regulation. Un-
fortunately, this is not the case. Over 70% of the total lake
area is in the Lake District, which covers only about one third
of the country. On coastal areas and in northern Finland, natural
regulation is insignificant, and the need for reservoirs and ef-
ficient operation schemes is obvious.

During the last twenty years, about 30 reservoirs were built
in Finland. At the maximum water level, th%ir surface area is
930 km2 and active storage is over 2,900-109m3, Several new res-
ervoirs are in the planning stage, including two large ones (220
and 210 km2) in northern Finland. 1In relation to the surface area,
about 70% of the existing reservoirs have been built mainly to
facilitate hydropower production. Another important purpose is
flood control, which is especially important in the flat river
valleys of western Finland.

In addition to the construction of reservoirs, many lakes
are also regulated. The area of lakes now under regulation is
over 10,000 km? and active storage is about 22,000¢10%m<4. Thus
the active storage of regulated lakes is 7.5 times larger than
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that of man-made reservoirs, In many cases, the natural variabil-
ity of water levels is only slightly increased by regulation.
Their annual patterns have however been changed to coincide with
the demands of water users.

Regulated multi-reservoir systems exist both in the Lake
District and in the coastal and northern parts of the country.
The typical operation schemes are obviously quite different. In
the Lake District, it has been traditional to formulate a scheme
individually for each lake. This is partly due to the fact that
different organizations operate different power plants, and partly
because the system has generally been considered to have an abun-
dant storage volume. The effects of upstream regulation on the
lower reaches of the lake systems have been considerable, but not
especially harmful. However, there have been minor conflicts of
interests, especially between hydropower, agriculture and fishing.
Despite the significant differences betwe€en various operation
policies, all have one basic feature: the reduction in the water
level during late winter in order to create enough storage for
snowmelt floods.

In coastal areas and in northern Finland, storage volumes
are much smaller than in the Lake District. It usually corres-
ponds to only part of the volume of spring flood, which may rep-
resent 30-50 per cent of the annual discharge. In most cases, a
considerable drawdown of the water level is made during winter.
During flooding, the releases are determined according to the
following criteria:

-- harmful releases should be avoided

-- harmful water levels should be avoided

-=- reservoirs should be as full as possible at the end
of the flc .d.

Close cooperation between different regulating authorities
is essential if these goals are to be attained. This is usually
tried without sophisticated calculations, sometimes even without
the use of any mathematical model, but using engineering judgement
based on the experience gained during previous floods. This is
often sufficient in the case of "normal" floods, but exceptional
situations are difficult to handle and losses are likely to occur.

In summer, heavy rains may sometimes fill the smaller res-
ervoirs, leading to spillage. However, this has been considered
a problem of secondary importance, although the events of summer
1974 caused a reconsideration of this attitude. It is more impor-
tant in summer to determine the releases, so that exceptionally
low water stages can be avoided.

Sophisticated mathematical methods have usually not been
applied in planning rules for operating reservoir systems. The
exceptions include the dynamic programming model of the Helsinki
University of Technology, which is capable of handling up to four
reservoirs. An out-of-kilter algorithm has also been used to
determine the operation policy of a multi-reservoir system. This
has been done in conjunction with a branch-and-bound algorithm,
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which solves the capital budgeting problem if some alternative
reservoir sites exist in a planned reservoir system.

Much more effort has been directed to inflow forecasting
than to the determination of rules for multi-reservoir operation.
The water equivalent of snow cover is the most essential piece
of information, and for this reason an extensive network for snow
observations has been established in Finland.

The most commonly applied inflow forecasting method is
multiple-regression analysis. Besides the water equivalent of
snow cover, several other hydrometeorological variables (precip-
itation, temperature and previous inflow) are used. Most of the
forecasting schemes are monthly or seascnal. In a few cases,
models have been calculated for each month or season, but usually
these are only needed for the snowmelt period. The first estimates
of snowmelt flood volume are sometimes given as early as January.
The maximum water equivalent of snow cover occurs in March-May,
depending on the latitude and weather conditions, and the date
of the "final" forecast is usually April 1 or May 1.

Under average conditions, the regression forecasts can be
considered satisfactory. When the snow cover is heavy, the
melting period short or when rainy weather prevails during melting,
the forecasting error may increase significantly. In such cases,
pure judgement can give better results than regression models.

The main emphasis of inflow forecasting is currently on the
application of hydrologic simulation models. The first attempts
have been quite promising and work is continuing in this field.
Different types of models should be developed for the Lake District
and for the coastal areas. The development of these models and
their use in connection with new operation models could obviously
solve some of the problems currently limiting the efficient use
of waters in Finland.
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INTRODUCTION

The methods of determining an operation policy and its ap-
plication are unique for each water resource system in the CSSR.
Therefore, they will be discussed in the overview of the following

five water resource systems that are now in operation:

1. Water resource system of the River Vltava (Vltava Cascade)
2. Water resource system of the River V&h (VAh Cascade)

3. Water resource system of the River Ohre

4. Water resource system of the River Odra

5. Water resource system of the River Dyje.

1. THE VLTAVA CASCADE

This system consists of three main reservoirs in series,
i.e., rééervoirs Lipno, orlik and Slapy and four smaller reser-
voirs (see Table 1). The system was completed with construction
of the dams orl{k and Kamyk in 1963.

The operating policy of the system was determined mainly bv
the primary aim, i.e., electric energy generation in water power
plants. However this multipurpose system has additional aims,
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Table 1. Reservoirs of the Vltava Cascade.

Reservoir Storage mil. m3 +/ Drainage Mean Annual
Dead Active Relative Total Area km2 Flow m3,s~1

Lipno I. 23 252 0.59 306 950 13.6

Lipno II. - 1.6 - 1.7 996 13.7

orlik 280 374 0.14 716 12106 82.5

Kamyk 8.3 4.4 - 12.8 12217 82.9

Slapy 68 184 0.07 269 12957 84.9

ftéchovice 6.4 4.7 - 11.1 13298 85.5

Vrané 8.6 2.5 - 11.1 17782 111.0

+/

Relative storage = Active storage/Mean annual runoff

It ensures the river flow regulation downstream of the cascade
in Prague up to 40 m3.s~!. This value is necessary to maintain
the required quality for the municipal water supply in Prague.
Before regulation, the minimum flow was approximately 10 r3.s™!
(the catchment area of this site is approximately 27,000 km2 and

the mean annual flow is approximately 150 m3.s™ ).

A further objective of the system is the delivery of water
for irrigation downstream of Prague, in the lower part of the
Vltava drainage basin. The maximum demand for irrigation is
approximately 4.2 m3.s~1. As the required minimum flow down-
stream of Prague is about 23 m3.s~7 this requirement for irri-

gation is met when the required flow in Prague is achieved.

Yet another purpose of the Vltava water resource system is
recreation. The Slapy reservoir was built for this purpose. It
is relatively near to Prague {(about 50 km). It is large enough
to create the conditions for temperature stratification of water
in summer (with a warm upper layer, the water is clean) and last

but not least, the requirements for recreation--a steady
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water level in summer (within 1m tolerance limits) which does
not conflict with the demands of power generation.

The method used for determining the operating policy was
rather straightforward and was a modification of techniques pro-
posed by Hufschmidt, Fiering (1966). First, the critical period
1933-1935 was analyzed and then the rule curves derived for res-
ervoirs were tested in the period 1931-1960 by a deterministic
simulation model. The rule curves were adjusted by marginal
analysis and these new rule curves were tested by a stochastic
simulation model on the basis of 500 years of stochastic hydrology,
and again corrected. The monthly operation policy was and is
determined by these rule curves.

The short-term operating policy differs according to the
flow conditions. 1In a period without floods, the constant mean
daily power output (W) is the aim of operation. The values of
W are dependent on the day of the week and the season and the
rule curves were calculated on the basis of the values of W.

It was a difficult tashk, as the‘water capacities of turbines

and the relative volumes of reservoirs in the system were different.
For instance, the Lipno I reservoir has a long-term cycle with
carry-over capacity, while reservoirs orli{k and Slapy have one

year (or two year) filling and release cycles. Therefore, the
coordination of operating policies of these reservoirs in the
system requires that the Lipno reservoir be filled first. Water
release from the Lipno reservoir passes through the whole system
and generates (especially when the reservoirs are full) the

greatest power output,

It was not possible to find an analytic, mathematical solu-
tion to this problem of cooperation between reservoirs. There-
fore, the methods of engineering judgement, critical period anal-
ysis together with experiments made with simulation models were
used. The problem was further complicated when the system was
extended by the VAh cascade. The cooperation between two hydro-
logically different subsystems leads to a higher reliability of
the system's function. However, the analysis was carried out with
the aid of a deterministic inodel, with the aim of obtaining the
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constant reliability of the mean daily power output of the whole

system, including the Vltava and the Véh cascades.

The operating policy was improved by marginal analysis. On
the basis of the constraints created by the other aims of the water
resources system of the Vltava and the Véh catchments, the objec-
tive function was maximized. This objective function was evaluated
from the standpoint of power generation only. The method used
offered a very good solution when the primary objectives were
water power generation, river flow regulation and recreation,
and when flood control was considered an aim of secondary im~
portance. However, if this is not the case, the system operation

policy needs further analysis.

In the Vltava water resource system, the probability of
extreme floods is nearly independent of the season or month.
The occurrence of extreme floods is dependent on the synoptic
meteorological situation, in combination with the runoff conditions.
The flood control storages in reservoirs are however constant,
Therefore, they are inadequate for the control of extreme floods.
For this purpose, the entire volume of the Vltava cascade would
be necessary which of course is not possible in a multipurpose
system. Therefore flood control of the River V1ltava in Prague
is for a flood of approximately 10% probability (10 year recur-
rence interval). Without the flood control storage of the Vltava
cascade it would be 20% (5 year recurrence interval). After
reconstruction of the weirs in Prague, the short-term operation
policy of the Vltava cascade will enable control of floods ex-
ceeding 5%. Data on floods are shown in Table 2. The observed
flood in 1880 had the largest volume--1 km3 with a peak flow of
2500 m3.s~1,

The floods of higher recurrence intervals are the conseguence
of a combination of a certain synoptic situation (the movement
of the polar front from the South to the North) and the favorable
runoff conditions (e.g. after heavy rains when the soil is wet).
This situation forebodes a flood but the peak flow and the volume
of the flood is difficult to forecast. The decision when to

release water from reservoirs is dependent on this forecast and
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Table 2. Floods in Prague (without flood control)

Recurrence .
interval years 1 2 5 10 20 50 100

Peak discharge
m3.s-1 730 1130 1790 2279 2840 3600 4900

Volume of the
5-day flood
mil. m3 122 167 232 281 330 406 467

Volume of the
10-day flood
mil. m3 213 288 402 486 576 713 823

is therefore a difficult task. The new meteorological and hydro-
logic forecast system with the Prague radar station forms the
basis of the forecasts of better quality and longer forecast
intervals. This system will enable a better short-term operating

policy for the Vltava cascade.

The problem of flood control is investigated not only from
the statistical point of view but also in relation to the long-
term hydrological and meteorological cycles. During this century
and during the operation of the Vltava cascade floods of middle
recurrence intervals have occurred. According to the long-term
forecasts of some hydrologists, greater floods can be expected
at the end of this century, as some long-term cycles will coincide
and the flood risk will grow. However, it is probable that by
this time, the above mentioned measures will be put into operation
and through the multipurpose operation of the River Vltava System,
floods will be controlled.

From the methodological point of view, an interesting prob-
lem is the investigation of the future operating policy of the
system in connection with the possible new aim of the system--
utilization of the reservoir Slapy as the new water resource for
municipal water supply. The main elements of this system are
the waterworks in Prague with poor water quality and the reservoir

belivka (see Figure 1) with water of better quality. The yield
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Figure 1. Schema of the Vltava water resources system.

of this reservoir can be enlarged by a transfer of water from

the River Sizava to the River Zelivka but it is questionable
because of the variable water guality in the River Sazava.
Another possibility is to withdraw water from the reservoir

Slapy with lower variability in water guality (as the level of
withdrawal can be c¢ontrolled) but with an impact on the operating
policy of the Vltava cascade. The water resources have different
costs and different and variable guality and guantity of water.
For determining the best alternative, the Stochastic Model of
Alternative Determination--SMAD--is investigated (the formulation

of this model is given in Appendix A).

The operation of the Vltava cascade is carried out by the
energy and water management operating boards. The short-term
operation under normal conditions is carried out by the energy
operation board. It is centralized and the power plants are

operated from the central body in Prague.

7
2. THE VAH CASCADE

The primary target of this water resources system is also

power generation, therefore the operating policy is similar to
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that of the Vvltava cascade. It consists of three main reservoirs
(see Table 3). The secondary aims are the delivery of water to
irrigation systems in the lower part of the River V4dh catchment

and the River Nitra catchment and recreation in the main reservoirs.
Flood control is a secondary aim. Unlike the Vltava cascade,

many power stations are located on the diversion canals (see

Figure 2). This was forced by the transportation of gravel in

the river bed, however additional problems of the unsteady flow

in canals were created and solved.

Table 3. Reservoirs of the Vah cascade

Reservoir River Storage mil. m3 Mean Annual Drainage
Active Relative Total Flow m3/s Area km?2
Ustie Orava 298 0.46 347 20.7 1181
Liptovské ,
Mara vah 320 0.36 360 28.2 1493
Nosice vah 24 0.01 36 130 7890
Liptorska vah R. Nosice hhih
Mara L‘ H_— L; L‘
7
N
nn 0

b 4 h LlHL} b lrrigation

Ustic Orava R.

Figure 2. Schema of the Vah water resources system.
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Methodologically, the operating procedure determination was
similar to that of the Vltava cascade. This was an advantage in
the connected system of the Vltava and the Vih cascades. The flood
control objective was the main difference, as the River vah catch-
ment is designed for protection of the agricultural area. There-
fore, the lower degree of protection is in accordance with the

possible flood damages.

3. WATER RESOURCE SYSTEM OF THE RIVER OHRE

This system consists of two subsystems, i.e., the subsystem
of reservoirs in the catchment of the River Ohfe (see Figure 3)
and the subsystem for flood control for the coal-pits and of
reservoirs on small rivers that cross the boundary. These res-
ervoirs have small drainage basin areas (see Table 4) and there-
fore they are long-term reservoirs. They serve predominantly for
public water supply to Northern Bohemia together with the res-

ervoirs in the River OhYfe drainage basin.

Now the operations on the main watercourse of the system,
the River Oh¥e, follow the rule curves. The operation of the

Priselnice T T Flaje
Ohfe R,
Skalka hre
T Nechranica Irrigation
| | Odrava
Jesernice

Figure 3. Schema of the Ohre water resources system.
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Table 4. Reservoirs in the Ohre W.R.S.

Reservoir River Storage mil, w3 Drainage Mean Annual Flow
(Brook) Dead Active Rel. Total Area km? m3/s
Flje Flajsky 1.8 19.5 0.81 21.6 43.1 0.76
brook
Pr{senice P¥{selnicky 2.8  46.7 2.28 50.6 46.2 0.65
brook
Skalka Ohre 0.9 15.0 0,08 15,9 672 6.09
Jesenice Odrava 0.2 50.0 0.49 52,2 406 3.25
Nechranice Ohte 2.6 233 0.24 272 3590 30.8

Fléje and Prisednice reservoirs is accomplished for the given
draft. For these reservoirs the main problem of the draft cal-
culation lies in the determination of the mean annual flow at
the reservoir sites as there are no measured data series of ade-
quate length and the values of the mean annual flow determined
by the hydrologic analogy are in the interval (0.7-0.9) for the
reservoir Fléje and similar values apply for the reservoir
Pfisednice. With this example of operating policy the importance
of the input data of the model can be shown. For instance, by ‘
very sophisticated methods, a gain of 10% can be achieved, as
compared to the difference due to input data that can be as high
as 30%.

The analysis of the operating policy of these reservoirs
reveals that this problem is far from being solved. 1In a simu-
lation model, the duration of the critical period can be deter-
mined, i.e., the period when the reservoir will be fully utilized
even in case of variable draft caused by cooperation between the
system's components. In real operation, it is difficult to de-
fine in which part of the dry period the system actually is.
Therefore, the carry-over reservoirs are mostly operated on the

constant draft.
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In the special case of reservoir Flaje and P¥isednice co-
operation on the operation up to the final stage is carried out.
This operation enables releases of as much as 120% of the cal-
culated draft from the Fléje reservoir for a period shorter than
the critical period. These higher values will be changed to
lower values (e.g. 80%) when the reservoir ptiseXnice is put into
operaticn. This is possible because the full draft of both res-
ervoirs is lower than the demand for water. This operating policy
is adjusted to the dynamic growth of the system demands and se-
cures the same final state of the reservoir Fléje as if it were
operated on the constant draft. This operating policy is depen-
dent on the coincidence of this period with the flows of medium
values that are necessary for the first filling of the reservoir
pf{ise¥nice. The risk connected with such an operation is analyzed.

The reservoirs Skalka and Jesenice serve as a means of river
flow requlation in the middle part of the River Ohfe catchment
from Chomutov as far as Nechranice, especially for the demands of
industry. The reservoir Nechranice serves further industrial
demands and the demands of irrigation. As the development of
irrigation proceeded more slowly than assumed, a part of the
Nechranice active storage is not utilized for irrigation and can
be therefore used .or flood control and in winter for control of

temperature in the river downstream to prevent ice formation.

Now the main problems of this catchment are connected with
environmental management and coal mining. For the operating
policy and system development protection of mines against floods
is of prime importance. This is because of the abandonment of
the reservoir D¥inov due to hydrologic changes brought about by
deforestation, in turn caused by the emissions (namely 502) from
thermal power stations. For this purpose, channel improvement

has been designed.

Further problems may be created in the future by the temporary
interruption of reservoir Jesenice's operation, if the resources
of coal under this reservoir are mined. The risk determination
for this type of operating policy needs special analysis and there

has been no precedent.
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4. WATER RESOURCE SYSTEM OF THE RIVER ODRA

The main purpose of this system is the delivery of water
for municipal water supply and industry. The additional aims
are flood control and recreation. The demand of irrigation and
primary power generation in water power plants are of lower im-
portance. The system of five main reservoirs is now in operation
(see Table 5). The growing demands in this catchment area will
require the enlargement of the system by the reservoir Slezskd
Harta in the near future (see Table 5 and Figure 4).

Table 5. Reservoirs of the River Odra W.R.S.

Reservoir River Storage mil. w3 Drainage Mean Annual
Dead Active Rel. Total Area km? Flow m3/s

Kru¥berk Moravice 4.0 20.0 O0.1l1 35.6 556.7 5.95
%ermanice Ludina 1.0 18.5 0.51 20.1 45,4 1.15
with the transfer 0.16 132.1 3.57

of water from the
Mordvka River

Térlicko Stondvka 0.6 22,0 0.61 24.3 8l.6 1.14
Morivka  Mordvka 0.4 4.4 0,08 10.1 63,3 1.77
Sance Ostravice 2.5  45.8 0.47 56,2 146.3 3.11
Slezskd Moravice 10.0 200.0 1.19 210,0 464.2 5.35
Harta

The determination of the operating policy of this water re-
sources system is methodologically interesting. As the water
balance in the catchment is negative in the drought periods and
there is a substantial danger that the system could fail to meet
the demands, many methods were investigated in order to strengthen
the system till the reservoir Slezskd Harta is put into operation
Other investigations were made to find out how the Slezsk4 Harta

reservoir could be optimally incorporated into the system.
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Figure 4. Schema of the Odra water resources system.

Even if the main aim of the system is the delivery of water
to municipalities and industry, during the summer months the
recreation levels -1 the reservoirs Térlicko and Zermanice have
to be maintained. Therefore the calculation of the risk that
some of the demands will not be met was done by the method of
"multimodelling" and included the following methods:

(a) chance-constrained model with the linear decision rule,

(b) chance-constrained model with the direct draft optimi-
zation,

(c) deterministic simulation model with monthly flows from
the periocd 1931-1970,

(d) stochastic simulation model with synthetic hydrology
using the principal component analysis combined with
the central station model,

(e) "release-maximum" model,

(f) combination of simulation model with chance-constrained
model,

{g) flow in networks model {under investigation).
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The theoretical guidelines for the operating policy of the
system were the results of these models. The application and im-
plementation of these results were done only partly. The obstacles
were formed by the water rights of the consumers and the difficulty
to make the operation of individual reservoirs more flexible.

Some consumers have the possibility of withdrawing water of dif=-
ferent quality from different resources. The optimal operating
policy forces them in some cases to take water from the resources
of poorer but adequate quality so as to make possible the future
withdrawal of water for other uses. In some cases there is no
legislative measure to force these consumers to act in this
(desirable) way. For an evaluation of the consequences of this
consumer behavior, a simulation model with real operating policy
(based on the results of nonantagonist games with cooperation)

was calculated in order to find the real risk of system failure.

In the simulation model of optimal incorporation of the res-
ervoir Slezskd Harta into the system, the method of synergism
(Hirsch, Cohon, and ReVelle 1977) was used. Unlike the case
discussed by these authors, the three main reservoirs in the sys-
tem that are determined primarily for public water supply have
different relative storages and they can be operated in the system
in a different way. Therefore the gains in the monthly intervals
were substantial (Hirsch, Cohon, and ReVelle state the gains from
the daily operation only and not from the monthly one). The
details of the stated model are given in the case study by Kos

and Zeman, The Odra River Water Pesource System (this volume).

5. WATER RESOURCES SYSTEM OF THE RIVER DYJE

The main aims of the water resource system of the River Dyje
are the delivery of water for public water supply, for irrigation,
flood control, power generation, environmental management and
recreation. These goals are of equal importance and therefore
the multipurpose aspect is the main feature of this system. It
consists of five main reservoirs. The reservoir Daledice has the
pumping water power plant but its reservoir serves not only for

power generation but other purposes, too (see Figure 5). However,
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Figure 5. Schema of the Dyje water resources system.

due to the lack of energy, the tendency has been to strengthen
power generation. The reservoir of Nové Ml§ny consists of three
reservoirs. The reservoir Nové Ml§ny IITI serves for flood con-
trol and delivery of water for irrigation, the reservoirs Nove
Ml?ny I and II were built for environmental management, flood
control and recreation (see Table 6). The reservoirs Nové Ml?ny
are relatively shallow and during operation vast areas could
become moors, which would bring about further environmental prob-
lems. Therefore the two upper reservoirs have a constant water
level (with the excepfion of floods). As the area of these res-
ervoirs were flooded very often, the flood control storage reduces

the environmental problems of this part of the catchment.

From the methodological point of view, the subsystem of the
upper and middle part of the River Dyje catchment is interesting.
The reservoirs Vranov ensures river flow regulation for the diver-
sion canal Krhovice-Hevlin. A minimum flow should be maintained

there, regardless of the withdrawals for irrigation. As the
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Table 6. Reservoirs of the River Dyje W.R.S.

Reservoir River Storage mil., m3 Drainage Mean Annual
Dead Active Rel. Total Area km? Flow m3.s™1

vir Svratka 13.3 34.6 0.30 53.1 414 3.7
Brabnska Svratka 7.6 10.9  0.04 18.5 1575 8.0
Dalebice Jihlava 59.5 67.8 0.36 127.3 1136 6.0
Mohelno Jihlava 5.6 1l.4 0.09 17.1 1155 6.0
Vranov Dyje 31.5 80.0  0.24 122.7 2221 10.6
Nové M1§ny I Dyje 7.5 4.5 0.01 12.0 4557 14,4
Nové Mlyny II  Dyje 17.2 8.5 0.0l 33,5 11720 41,7
Nové Mlyny III Dyje 25,2 52,0  0.04 94,4 11825 41.8

demands for supplementary irrigation are very variable and depend
on the meteorological and hydropedologic conditions of the irri-
gated lands, losses due to unused canal return flow occur; the
problem of minimization of these losses is a stochastic one and
it was the subject of many investigations., For instance in the
catchment of the River Dyje, the combination of the simulation
model and linear programming with continuous and discrete (biva-
lent) variables was used (see Appendix B).

This model was applied for the optimization of the operation
policy of the system that consisted of two subsystems, i.e., the
water resources subsystem and the agriculture-irrigation subsystem.
As this latter subsystem described the agricultural production on
irrigated lands in detail, it was necessary to shorten the analyzed
period to a few years. Therefore a step-by-step method was used.
The first part of the investigation was formed by simulation with
a coarse agriculture-irrigation model. The aim of this simulation
was the determination of the critical period of several years that
was then used in the detailed agriculture-irrigation model. How-
ever, the inputs of the linear model differ from that of the
simulation model. The outputs of the system were also different.
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Therefore, the procedure of simulation modelling with operating
policy determination and its application in linear programming

was repeated several times to achieve an overall optimum for

the system. Although all the aims of the water resources system
were taken into account, the optimization was done from the
standpoint of irrigated agricultural production and the other

aims were taken as the costs and constraints. To take into ac-
count all the aims on an equal basis, a multiobjective evaluation
procedure of decision analysis called Fuller's method was investi-

gated.

6. SUMMARY

In Czechoslovakia, there are five water resources systems
that can be characterized as multireservoir and multiobjective
systems. Therefore, for this overview, the method of their
description and analysis was used with the accent on their spe-
cific features, either from the standpoint of aims and configu-
ration or methodology. From the latter point of view, only four
types can be considered, as the Vltava River and the vah River
cascades have common properties and in some models they were in-

vestigated as being in one system.

The main progress in operating policy analysis lies in the
method of “"multimodelling," when the same problem is solved with
different models with nearly the same inputs but under different
hypotheses. It is common practice in modelling to change the
values of the model input parameters and seek the output response
(e.g., the change in the value of the risk in fulfilling the in-
dividual targets of the system), in other words, to experiment
with the model.

If the fact (1) that the model is a reflection of reality
is realized, (2) that it is dependent on some presumptions and
hypotheses, (3) that it expresses some theories, and (4) that
it has to simplify reality, then it is clear that the application
and implementation of the results given by one model are not

without risk. The changes of the values of the model input
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represent parametrization of the model. However, they are not
concerned with the basic presumptions, hypotheses and premises.

The basis of the multimodelling is the series of premises
which allow the models both to be represented and to perform
less rigidly. 1In determining operating policy, this procedure
leads to different premises about the function of water resources

systems in the national economy.

In this process of multimodelling a decisive role was given
to simulation models, as they best reflect reality. Therefore,
the simulation models were used for the verification of all the
alternatives of the operating policy derived in models of oper-
ations research. This combination of simulation models and models
of operations research was chosen as the simulation model alone
(and especially the stochastic simulation model) is a clumsy in-
strument for optimization. The search for the optimal alterna-
tive is attained by repetition of the calculations, which is

time consuming for both computers and people.

In a combination of simulation models and models of operations
research, the variety of inputs is limited by operations research
models and the analysis by simulation models can be done mainly
in the optimum area and the target can be arrived at in a more
effective way. To use this combination to advantage, the models
of operations research applied in this way should be sophisti-
cated but simple, i.e. for the model construction a sophisticated
method can be used but the way it is applied should be simple
(the input values of such a model should be relatively easy to

obtain).

For this reason, the practice in some water resources sys-
tems, e.g., in the River Odra and River Dyje catchments, and fur-
ther theoretical research in the CSSR aims at the effective com-
bination of the methods of design and operation of water resources

systems in the system of multimodelling.
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APPENDIX A: STOCHASTIC MODEL OF ALTERNATIVE
DETERMINATION--SMAD

Model SMAD can be utilized under the following conditions:
The ith water resource can be used or constructed in J alternatives.
The indices of the alternatives are j=1,2,...,J. The variable

yij attains the values 0 or 1 (bivalent variable), y = 1 when

th th i3
the 1 resource is used in the j alternative, otherwise

Y:: = 0; therefore
13

The problem of water resources system utilization is sto-
chastic and therefore a probabilistic formulation was used.

Further variables are as follows:

cij are the costs of the ith resource in the jth alternative,

qij is thihstochastic variablihexpressing the capacity of
the i resource in the j alternative,

rij is the stochastic variable expressing the quality of

the resource 1 in the alternative jJ,

D is the total demand that should be met with the reliabil-
ity py.

W is the quality standard that should be secured with the

reliability Py-
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Then the formulation of the stochastic program for SMAD is
as follows:

M

1
2

C..+¥Y.. =~ minimum
=1 5=1 Y
Constraints:
I J
P { qi..yi. Zp } z Py
=7 3= 371
for i=1,2,...,1I
I J
< >
- { ey S0 Zo
1=1 j= 13713 2
v.: =1 for i=1,2,...,1
3=1
yij = {0,1} for i=1,2,...,1 3=1,2,...,3d

The stochastic formulation is more realistic and enables the
solution even in cases when the deterministic does not exist,

however, the program is not linear.
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APPENDIX B: LINEAR PROGRAMMING MODEL OF THE
RIVER DYJE WATER RESOURCE SYSTEM

The objective function of the model was the maximization of
the cost-benefit increase as compared to the present state under

constraints:

2:: aij.xj + 2:: aik‘xk = bi
for i=1, .,...,m JET KEK

JUK = {1,2,...,n}

Instead of the eguality sign the inequality signs were used
in some constraints.

x4 are the continuous variables that model the activities
of the investigated water resources system or of the
agriculture~irrigation system.

x, are the discrete bivalent variables that attain the value
either 0 or 1. These values are used for decision of
yes-no questions or for modelling of uncontinuous or non-
linear relations.

b. are constants in the constraints (or parameters).

J 1is the set of indices of the continuous variables.

K 1is the set of indices of the bivalent variables.
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Some models of this type can also be described by the theory
of graphs and flows in networks. For instance, a discrete opti-
mizing algorithm can be used where xj and X, are discrete variables,
xj is expressed in such units that their precision is adequate
(mostly 1% precision is sufficient) and the variables x, are
limited to two values. For nonlinearities and yes-no questions,

the multigraph can be used.
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1 Introduction

An overview of the main waterway network in the Netherlaﬁds and the position
of the IJssel lake is presented in Figure |. The lake has been formed by an
enclosure from the sea by means of a 30 km long dike. It is for most part a
fairly shallow lake, which had an original surface of 3600 kmz. After sever-
al reclamation projects the present lake consists of two parts called the
Small IJssel lake (1200 ka) and the Marker lake (600 kmz) separated by a
dike. The two parts are connected through locks. Originally it was planned
to empolder the Marker lake, however, reevaluations are taking place and
alternative plans are considered, e.g. to reserve this lake for an improved

water supply.

The main input to the lake consists of Rhine water. This is brought to the
lake by the IJssel river. Upon entering the Netherlands the Rhine divides a
first time into the Waal and the Pannerdens channel. The last divides then
again in the Lower Rhine and the IJssel river. The flow in the IJssel can be
controlled to some extent by a movable weir on the Lower Rhine. Water can be
spilled through gates in the closure dike during periods of low tide. Water
intake and drainage points are distributed around the lake. For some of the
intake and drainage points reliance is made on gravity while in other cases

pumps are used.



Figure |
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The IJssel lake plays since its formation in 1932 an increasingly important
role in the management of water resources in the Netherlands. The initial
objectives for the creation of the lake were to increase safety against
flooding, to enhance drainage of the surrounding areas, to facilitate land
reclamation and to provide a fresh-water buffer for water supply. With in-
creasing demands put on water resources the function of the lake as a fresh~
water supply has grown in importance and the conflict between the require-
ment for a low level in the lake for safety and drainage versus a higher

level for a larger fresh-water buffer, has become more pronounced.

The pollution of the Rhine of which the concentration varies considerably
over the year has further increased the concern about the bufier capacity
of the lake. Up to now the IJssel lake plays a major role in the water re-
sources management of the bordering northern areas of the Netherlands, how-
ever, plans are being considered to provide transport of lake water to the
southern regions in drier periods. This further increases the importance of

the buffer capacity.

A major user of lake water is agriculture, use of water is made for level
control, irrigation and flushing of canals and polders in order to combat
salinity. The lake serves also as a source of drinking water for some areas.

Navigation and recreation are also important.

2 Reservoir operation aspects

Due to the large area of the lake a strong wind set—up of the water surface
. can occur together with a considerable wave action. Therefore an important
agpect of operation is safety. Potential dangerous situations occur when
large flows in the IJssel river are combined with unfavourable strong winds
and high water levels at sea which limit the possibility for spilling.
In the present operation strategy a particular target level is set for the
winter and summer period. The winter target level, 20 cm below the summer
target, 1s set from | October until | April corresponding to the major storm
season. This, however, corresponds also to the period of high water surplus
and a water quality, which is considerably better than in the low-flow sum-

mer period.
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This operation strategy worked fine throughout earlier years and there was
actually no need to evaluate the limits to how far one could go with ex-
ploiting the buffer capacity of the lake. However, with the increasing de-
mands put on the lake a situation is created where such evaluation seems
necessary. In the spring and summer of 1976, which were both dry, a suffi-
cient buffer capacity could not be created and a shortage was felt, while
also water quality reached a low point. There have been dry years before,
but at that time demands were much lower. Both a higher summer level and an
earlier filling of the reservoir should be investigated. A higher water lev-
el, however, has considerable consequences on safety, drainage of the sur-

rounding areas and harbour facilities.

Concerning safety, a dynamic policy on target levels could be considered in
which a continuous attempt is made to create a sufficient buffer capacity
within the limits of safety. A careful evaluation should therefore be made
of potential dangerous situations and their frequency of occurrence, the
response of the lake and the possibilities for control. A basic element in
the operation policy is then the use of forecast information. Both long-term
and short-term information is potentially available for the main input
source namely the Rhine. Long-term information is available in the form of
snow melt predictions in the Upper Rhine basin. Snow melt contributes quite
significantly to the flows in the spring and in the summer. The lead time
in the prediction can be in the order of several months. The Rhine basin has
also a fairly large natural storage capacity and associated base flow which
leads e.g. to relatively high correlation coefficients between monthly
flows. In the ghort term large storms in the upper and middle reaches of the
basin can cause significant flood waves in the river which have a propaga-~
tion time to the downstream end in the order of days.

The three types of information should be integrated in the dynamic operation
policy with the purpose of obtaining a sufficient buffer capacity within the
limits of safety.

Predictions on water quality should also be made and integrated with quanti-
ty predictions to obtain the best possible water quality in the lake. The
most important quality parameter is salinity. Water quality in the Rhine
does follow a seasonal patterm, lower concentrations in winter than in sum-—
mer, which could indicate a dependency on the flow in the river. However, up

to now no significant relationships have been found between quality and
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quantity during e.g. the summer season, which could be used to derive quali-
ty predictions from quantity predictions. Information on quality will thus
mainly be based on a statistical analysis of water quality in the past, no
real time information on water quality will probably be available.

Of special interest concerning water quality is the operation of the present
two parts of the lake, to obtain the best possible water quality in the Mar-
ker lake for water supply. For this purpose the Marker lake has to be con-
sidered in series with the small IJssel lake. The interaction between the
two lakes is based on gravity flow through the gates in the separation dike.
The direction and capacity of this flow depends on the levels in the two

lakes and is strongly influenced by wind.

An increase of the lake level beyond present levels influences not only safe-
ty but also introduces costs associated with extra measures for adaptation of
harbours and to ensure a sufficient drainage by means of new pumping stations
and reevaluations of existing stations because of changing pumﬁ heads and
capacities. These costs should be traded against the benefits of a larger
buffer and better water quality. An upper bound on the lake level should

follow from such analysis.

The need for a fresh-water buffer is only seasonal and due to the large sur-
plus of water in winter no overyear storage has to be considered.

A major portion of the water will be used for level control, supglemental ir-
regation and for flushing of the polders. These requirements are very much
dependent on the actual rainfall input in the growing season, which is quite
variable from year to year. As such the demand for water is very much uncer-

tain.

Another factor of uncertainty in the operation of the lake, associated with
the large lake area and sensitivity for wind set-up, is the measurement of a
representative water level in the reservoir at a particular point in time.

Due to its large area a few centimeters mean already a lot of storage.
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3 Alternative structural developments

Besides a dynamic operation policy based on the use of forecast information,
and the present control possibilities using the spilling gates in the closure
dike and the movable weir in the Lower Rhine, some structural alternatives
can be considered to improve the operation of the lake and/or the distribu-

tion of its water.

- Canalisation of the IJssel river with a set of weirs and shipping locks
would make a complete control possible of the flows entering the lake.
The present movable weir has ounly a limited influence on the flows through
the back water effect in the Lower Rhine and is mainly operated to improve
navigation on the IJssel river. Canalisation would make navigation inte-
rests independent of the river flows. It would also create the possibility
of completely closing out heavily contaminated Rhine water caused e.g. by

an accident.

- The ability to control dangerous high water levels due to a large input of
water and/or due to a limited possibility to spill can be improved by con-
sidering a large pumping station to complement the spilling gates. Its
capacity would be function of the desired level in the lake and the costs
have to be traded together with other costs against the benefits of a

larger storage.

- Plans are considered to extend the fresh-water supply function of the lake
to the southern part of the country by means of the so-called north-south
coupling. The Amsterdam~Rhine canal, which is now mainly used for shipping,
plays an instrumental role in this scheme. After the necessary infrastruc-
ture works the canal would be used for water transport in two directions.
In early spring additional water would be sent to the lake to improve
storage. In summer when water demand is larger than the supply in the main
rivers plus rainfall, water from storage would be sent back to the demand

areas using the same canal.
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4 Present and future research on the operation of the lake

In the above an overview has been given of the main aspects involved in the
day-to-day management of an increased storage. A trade-off has also been sug-
gested between the benefits and the costs of maintaining a larger storage.
Before a specific operation strategy can be worked out the role of such stor-
age in the national water management has to be worked out. This should pro-
vide a framework with specific objectives and boundaries in which operation

of the lake can take place.

A few years back some work on the operation of the lake and its function in
the national water budget was done by considering an optimalisation of water
allocation over the network of the main waterways in the Netherlands (Fig. 2).
For this purpose some demand points were considered on the network and pre-
liminary loss functions were estimated. Initially only quantity was consid-
ered then followed by quantity and quality. In those exercises a strong em-—
phasis was put on an identification of suitable techniques to analyse the
problems. These initial exercises are being followed presently by an exten—
sive study at the national level of water resources and demands for water in
the Netherlands. This study is performed by the Ministry of Public Works to-
gether with the RAND corporation (USA) and Delft Hydraulics Laboratory.

The study will provide a national framework for use of water resources. Spe-
cifically concerning the IJssel lake it will provide an indication of which
structural alternatives are preferred. The study is, however, too broad to

be able to cover the real time management of the lake in all its aspects.
Plans are therefore being prepared to study the detailed day-to-day operation
as soon as results become available. Those are expected in the fall of 1979.
Running ahead of the results in the general study some specific aspects of

a changing management strategy (e.g. consequences of an increase in the lake
level) for the IJssel lake are already being studied by the management agency

responsible for the operation of the lake.

In the real time operation strategy, optimization can be used to look at op=-
timal patterns of building up and maintaining a sufficient storage with an
optimal water quality, for a forecasted patterm of inflows. However, simula-

tion will probably be needed to evaluate particular aspects of the problem
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such as e.g. wind influence. Such analysis could then provide information
e.g. constraints, for another round of optimization.

Different hierarchical levels of operation using information at different

time intervals might be considered. Based on long-term information a long-
term operation strategy could be determined using large time intervals. The
target levels set at these time intervals could be used as boundary condition
for a short-term operation using e.g. short-term storm information. As soon
as more long-term information becomes available the long-term policy would

then be updated.
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Overview of Reservoirs in Japan

In Japan there are more than 1500 dams (of which about 550
are 20 meters high or more), and some 300 more dams are in the
planning stage. Of the existing dams, approximately 660 are
situated in what are designated as river areas, and the rest are
small ones located outside the river areas, used mostly for irri-
gation purposes. BAbout half of the 660 major dams are exclusively
used for hydropower generation. There are nearly 200 reservoirs
which serve multiple purposes. Flood control is one of the prime
objectives for most of these reservoirs; other purposes include
hydropower generation, irrigation, public water supply, industrial

uses and low flow augmentation.

Public reservoir works under the jurisdiction of the Ministry
of Construction are categorized into three classes. The first
class is called multi-purpose reservoir and is implemented by
the Ministry of Construction which is the managing body of major
river basins, in keeping with the regulation passed in 1957.

The basic idea behind the regulation was to centralize the manage-
ment of major multi-purpose reservoirs for more effective imple-
mentation and operation. The second class of reservoir systems

is implemented within the framework of comprehensive planning for
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designated areas, where industrial development and urbanization
require more effective utilization of water resources. The Public
Corporation for Water Resources Development was established in
1962 for this purpose. The third class of reservoirs is imple-
mented as a joint venture between water users and the local

authority.

Characteristics of Reservoir Operation Problems in Japan

The operation of multiple reservoir systems in Japan pro-
vides a slightly different picture than those in other developed
countries, because of the geographic, geologic and meteorologic
characteristics of the country. Japan is a small and very moun-
tainous country with about three-quarters of the land covered by
hills and mountains. Naturally, rivers are short and tend to be
rapid-flowing (see Figure 1).

Heavy frontal storms in June and July, typhoons during the
August-October period and heavy snows in some areas make Japan
one of the regions in the world with the highest precipitation.
Mean annual precipitation amounts to about 1800 mm, while the

world average is about 800 mm. Also, the precipitation patterns

elevation r Loire
1000 r
m " Shinano-gawa
| Abe-gawa Colorado
7
7/
600 | [Tone-gawa e
I
200 | 5
// Mekong
o 100 500 1000 km

distance from
river mouth

Figure 1. Profile of selected rivers in the world.
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are highly variable both in space and time. A hydrograph of

flood flow is extremely sharp when compared to rivers in other

countries,

and the ratio of maximum to minimum flow is one order

of magnitude larger for many rivers in Japan (Figure 2).

These characteristics have significant implications for

water resources management in Japan. Representative time-series

of stream flow (historical or synthetic) that can be used in im-

plicit stochastic models for design and operation of reservoirs

are less applicable to many cases in Japan. Thus, more emphasis

has been placed on developing rainfall-runoff relationships for

Figure 2.
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particular watersheds rather than on elaboration of operating
rules based on "design" streamflow conditions, as will be dis-

cussed later in this paper.

Design of a Single Multi-purpose Reservoir

Design of a reservoir largely follows conventional practice
(Hanayame and Fuse 1977; Ministry of Construction 1978). A typi-
cal design for a multi-purpose reservoir is illustrated by
Figure 3. A storage curve for a particular reservoir site is
derived and used to determine the capacity of the reservoir
necessary to serve different purposes. That is, the requirement
for each purpose is specified in terms of water level and/or

storage, which are related to each other by the storage curve.

surcharge

max., level

max. level during flood season

water

level

/

min. /
level
- v- v’ . v
= vp K w £
- v
W
d p reserye
v storage
ps
Storage
v;, v;, v’ : storage exclusively allocated for irrigation,
P water supply and power generation,
respectively, during flood season
\Y o' \Y w : storage for hydropower generation during
p P flood and non-flood seasons, respectively
vf flood storage
Vs dead storage

Figure 3. Allocation of storage for a multi-purpose reservoir.
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First,

hydrographs of design floods are determined, based on historical

hyetograph and rainfall-runoff analyses. Once the total amount

of stormwater to be regulated is specified, the necessary storage

capacity is determined, depending on the release policy of the

reservoir. Several basic release policies are adopted for many

reservoirs in Japan as illustrated in Figure 4. The linear re-

lease is considered effective for controlling minor floods with

relatively small storage. The variable release policy has been

adopted for an increasing number of reservoirs, especially in

major river basins. The policy varies the release, depending on

the flow at

utilization of flood storage and more effective peak reduction.

The water supply storage is determined by the cumulative

differences between the necessary flow and low flow at the con-

trol points. The low flow used in the design is the lowest flow

which occurred in ten years, or its equivalent. In Japan, the

flow flow
design
flood
h grograph

time time time

a, natural release b, constant-rate release c. zero release

flow flow

time time

d. linear release e, variable release

Figure 4. Basic release rules for flood control and flood con-

trol capacity (indicated by shaded area).

some downstream check points, to attain more efficient
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low flow usually occurs in summer and in winter. 1In the case of
a multi-purpose reservoir, the capacity of the reservoir is usu-
ally determined by the storage required in the summer period,
since the irrigation period (May-September) and the flood period
(June-October) coincide with this low flow period.

Operation Planning of a Multi-purpose, Multi-reservoir System

The operation of multi-reservoir systems in Japan may be
described according to the following general guidelines used in

planning:

1. Delineate desirable states of the system or provide
guidelines for control.

2. Develop operating rules.

3. Structure the process of modifying the operation based

on real-time observations.

The first phase in planning the operation of a multi-
reservoir system is to specify the uses of the system or the
purposes of the operation. The uses, in general, include flood
control, water supply for public, industrial and agricultural
uses, hydropower grneration, low flow augmentation and water
quality control. For each use the evaluation criteria must be
specified. 1In the case of flood control, it has been generally
agreed that the effects could practically be evaluated only in
economic terms (e.g., damage reduction). However, since it is
difficult to use the damage reduction directly as the objective
function of reservoir operation, it must be related to physical
attributes. Peak flow and duration of high flow are considered
appropriate as criteria for flood control. Other criteria pro-
posed for other uses include minimization of unnecessary spills
and stabilization of flow downstream. The evaluation problem
also involves determination of control points at which the ef-
fects of reservoir operation should be evaluated especially in

the case of flood control.

Operating rules are specified either descriptively or quan-

titatively. The latter kind of rules are expressed as formula
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or with the aid of diagrams. Many "rules of thumb" exist and

these are practiced in Japan (Ministry of Construction 1977).
These include (i) % = f(q) and (ii) Q = b(I-a) + c for a single

reservoir, where Q and I are respectively the outflow and the
inflow of the reservoir; g is the flow at the downstream datum
point and £ is a function; a, b and ¢ are parameters. For mul-

tiple reservoirs, one proposed way is to release water from each
o cooy Ki=8i
reservoir in such a way that (iii) T.-0; = constant for all the
i-Qi
reservoirs, where Qi and Ii are the outflow and inflow of the

ith reservoir, Ki and Si are the capacity and the remaining

storage of the ith reservoir.

Developing operating rules requires characterization of in-
flow processes to each reservoir, as well as evaluation of the
effects of operation on the downstream control points. The
former, in turn, involves specification of design storms in the
form of hyetographs and development of rainfall-runoff relation-
ships to obtain inflow hydrographs. The rainfall-runoff relation-
ships range from a relatively simple unit hydrograph method to
highly sophisticated models including control theoretic models.
The storage function method (Linsley 1976; Yashikawa 1972) is
most widely used in large river basins. Tank models (Sugawara
1972; Sugawara et al. 1975) are also used in some river basins

in Japan.

The operating rules thus developed must be modified to adapt
to real situations which cannot be completely forecasted. The
modification of the operation in the past, however, has been
done more or less in an ad hoc manner. More integrated treat-
ment of this phase with other phases described above is desirable.
In this area, application of modern control theory (e.g., Kalman

filtering) is seen as promising (see, for example, Hino 1977).

Illustration of Multi-reservoir Systems in Japan

The locations of major river basins with multiple reservoirs
are indicated by Figure 5. Operation management systems with
data collection networks and computers have been established for
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Figure 5. Location of major multi-reservoir systems in Japan.
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all the major multi-reservoir systems, but no system functions
quite satisfactorily, mainly due to difficulty in short- and
long-range forecasting of rainfall. Brief descriptions of real-
time operation of two major multi-reservoir systems in Japan are
given below.

Upper Tone-gawa River Basin

The upper Tone-gawa river basin consists of several tribu-
taries and covers an area of 5114 kmz, north of Tokyo's metro-
politan area (see Figure 6). There are five reservoirs-~-Yagisawa,
Fujiwara, Aimata, Sonohara and Shimokubo--located on the different
tributaries. The storage and the release capacity of these res-
ervoirs are given in Table 1. The system has served several
purposes including flood control, water supply for public, in-
dustrial and irrigation uses and hydropower generation., The main
emphasis, however, in determining operating rules of the system
has been placed on flood control. Effects on other uses have

been considered only on an incidental basis.

Basic rules have been determined for each reservoir, based
on its release and storage capacity and effects on downstream
control points for design flood. Yagisawa is located together
with Fujiwara, the furthest upstream; Fujiwara and Aimata have
limited release capacity and are less adaptable to freguent
changes in release. Thus the constant rate release policy is
used for these reservoirs. Sonohara has small storage capacity
as compared with its large drainage area. Because of the diffi-
culty in forecasting runoffs for this area, the release policy
is defined conditional on the expected magnitude of flood.
Shimokubo is operated by the variable release policy, because
of its dominant effects on flood control in the upper Tone-gawa

river basin.

A typical real-time operation of the system may be sketched
as follows. Yagisawa, Fujiwara and Aimata reservoirs are operated
according to the following predetermined basic rules. For
Sonohara and Shimokubo reservoirs, the points A and B in Figure
6 are taken as control points. Depending on the expected hydrograph
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Figure 6. The upper Tone-gawa river basin.
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Table 1, Capacity of reservoirs in upper Tone-gawa river basin.

Reservolr Yagisawa Fujiwara Aimata Sonohara Shimokubo
Flood Control

capacity [Mm>] 22.1 21.2 9.4 14.1 35.0
Release 3

capacity [m”/s] 380 28 10 1190 9370
Drainage

area [km"] 167.4 227.2 110.8 492.2 322.9

of flood, the peak reduction necessary at these points is deter-
- mined and the amount of permissible release from each reservoir
is determined by backtracking the flow. The storage function

method is used to simulate the flow along the river. The opera-
tion is modified by changing the parameters of the release rules

on observing differences between computed and actual hydrographs.

Yodo-gawa River Basin

The Yodo-gawa river basin, located in the Osaka metropolitan
area, has a drainage area of about 7281 kmz. The basin consists
of three main tributaries--Katsura-gawa, Uji-gawa and Kizu-gawa,
and Lake Biwa, the largest lake in Japan (Figure 7). Four res-
ervoirs-~-Takayama, Shorenju, Murou and Amagase, with a capacity
of 56.8, 27.2, 16.9, and 26.3 million cubic meters respectively,
and Setagawa weir--are located on the tributaries. The uses
served by the system include flood control, water supply, hydro-
power, flow regulation and water guality control.

A typical mode of operation of a single reservoir for flow
regulation (especially low flow augmentation in the July through
October period) is illustrated by Figure 8. A Tank model has
been calibrated and used to simulate the runoffs. Use of dynamic
programs to derive joint operating rules has also been suggested,

but is not in operation yet.
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Katsura-gawa R. Setagawa weir

Amagase

Kizu-gawa R.

Yodo-gawa R.
Osaka
- Bay

Figure 7. The Yodo~gawa river basin.
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Real-time observations
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Historical hyetograph release
{average of past 10 years rule modify

typical dry year

rainfall

Figure 8. Scheme of real-time operation of a reservoir in the
Yodo-gawa river basin.

The flood control operation in this system is similar to
that in the upper Tone-gawa river basin described above. A con-
trol point is specified for each reservoir and the basic release
rule as shown in Figure 9 is determined by simulation based on
the storage function method so that the peak reduction is maxi-
mized at the control point.

Conclusion

Although Japan is categorized as a high-precipitation region,
average per capita precipitation is only one-fifth of the world
average. Short flow times due to high gradient river beds and
high regional and seasonal variation of flow make the situation
in Japan even less favorable.

More effective use of water resources are naturally of
utmost importance. Of all the reservoirs at the planning stage,
over 60% are for multiple purposes. Development of more effec-
tive operating rules by using sophisticated techniques, however,
is not considered most important for a more efficient utilization
of multi-purpose, multi-reservoir svstems. Instead, much em-
phasis has been placed on development or rearrangement of more
appropriate institutional frameworks. Problems involved in
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Figure 9.

Basic flnod control release rules for reservoirs in the

Yodo-gawa river basin.

reservoir operation, which would call for appropriate institu-
tional arrangements involve the following: conservation of water,
rationing during shortage, conjunctive management of water guan-
tity and quality, flexible use and substitution of water supply
storage for flood control, compensation for negative effects on
hydropower generation due to flood control release and resolution

of upstream/downstream and other types of conflicts.
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INTRODUCTION

The Trent, Severn, Rideau and Cataraqui systems are located

in Ontario, Canada (see Figure 1). Collectively, they form
part of a historic and recreational waterway from the

St. Lawrence and Ottawa rivers to Lake Ontario and on to
Georgian Bay in Lake Huron. Overall responsibility for the
operation and maintenance of this waterway and for controlling
releases from most of the reservoirs resides with Parks
Canada, a branch of the Canadian Department of Indian Affairs
and Northern Development.

Although the four watersheds are not overly large, they are
very complex systems to operate. The Trent basin for example
has 92 reservoirs and numerous unregulated lakes. The basin
contains a portion of the Trent-Severn navigational waterway
as well as 14 hydro plants. Other water-based considerations
include flood control, water-based recreation, water supply,
water quality and fish and wildlife preservation.

Through the years, there have been increasing problems in
operating the various multireservoir systems to satisfy the
different water~based needs. The problems have arisen
because of growing population pressures with associated
increases in water~-based demands. The principal conflicts
include.

(a) Excesgsive reservoir drawdown during summer recreational
periods (especially during hot, dry summers) to satisfy
downstream water quality and navigation requirements.

(b) Inequitable relationships between levels on different
reservolrs, especially during summer recreational
periods.

(¢) Inadequate flood control storage (both during the late
winter-spring period and during the summer recreational
period) while ensuring that levels are sufficiently
high to satisfy navigation and recreation needs.

(d) Excessive level fluctuations spawning and hatching
periods (especially for lake trout) while ensuring
that seasonal storage needs are being satisfied.

(e) Nonoptimal scheduling of reservoir releases for down-
stream hydro requirements wnile ensuring that recre-
ational, navigational and other water-based needs are
being satisfied.
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In 1972, Acres Consulting Services was commissioned to under-
take an assignment for a study on operational procedures in
the Trent watershed. The basic purpose of this assignment
was to review existing operational practices, to explore
different operational strategies and to provide appropriate
recommendations which would lead to optimal operation of the
system.

For perforwing this initial assignment, Acres developed a
general multipurpose, multireservoir model.l This model
permitted simulations to be carried out for a wide range of
system~wide operating strategies.

After completing the initial assignment, the mathematical
model was modified so that it could be used as a dispatch
tool, i.e., to ald in determining reservoir releases on a
day-by~day or week-by-week basis. The model has been used
in this manner since 1974.

In a subsequent study on the Severn basin, the principal
emphasis was on exploring the benefits of wvarious physical
works to improve satisfaction of system-wide water-based
needs.

In a further investigation on operational practices in the
Rideau and Cataraqul watersheds (the study was performed
simultaneously for these two basins), the emphasis was on
formalizing and improving system-wide operating procedures
(similar, in principle, to the earlier investigation on the
Trent basin). In this study, it was recognized that substan-
tial improvements could be effected by implementing a
formalized forecastin% and operating procedure for the late
winter-spring period. The proposed procedure was implemented
in 1977 and has been used successfully for the past three
years.

The purpose of this paper is to describe the basic principles
and procedures used by Acres to examine and improve the
operation of multireservoir systems. The first section
contains a summary of alternative modeling strategies and
describes the basis for selecting a simulation model for
studying operational practices. In the next section, some
basic concepts of operational planning are discussed. This
is followed by a summary description of the Acres multi-
purpose, multireservoir model. The application of the model
to the Rideau basin is then summarized. The last section
contains concluding remarks.
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ALTERNATIVE
MODELING STRATEGIES

In order to explore basin-wide benefits for different
operating strategies, it was recognized that any of several
different modeling strategies could be used. These were
examined in detail and are summarized elsewhere.ls3 The
basic options were as follows

use of explicit stochastic optimization models

- use of implicit stochastic optimization models

- use of decision rules

- trial-and-error procedure using simulation models.

With explicit stochastic optimization models, reservoir
releases are derived by including probability distributions
of inflows directly 1in deriving optimal releases policies.
Some of the early investigative work with this approach was
carried out by Thomas and Watermeyera' , Dietrich and Loucks6,
LOucks7, Gablinger and Loucks$8, Batherg, and Falksonlo.

These investigations were based on the use of linear program=
ming, dynamic programming or a combination of these two
methods. In initial investigations, it was assumed that
inflows had known probability distributions, but were indae-
pendent random events. In later investigations, serial
correlation effects of sequential inflows were included.

The explicit stochastic optimization approach is the only
approach, in principle, which leads to truly optimal solu-
tions--aside from problems of discretization. In practice
however, this approach is very expensive. For example,
Gablinger and Loucks® showed that a single solution using
LP resulted in 2,000 equations and 15,000 variables, and
required two hours of computer time (IBM 360/65 computer).
The only known application to a multireservoir system was
performed by Schweig and Colell, They applied dynamic
programming to a two-reservoir system and found that compu=
tational costs were high, even with very simplified inflow
representations.

With the implicit stochastic optimization approach, releases
are optimized for a stochastic hydrologic sequence. With
this approach, it is implicitly assumed that there is perfect
foreknowledge of all future hydrologic inflows.

After optimizing reservoir releases for the given sequence,
appropriate regression analyses are performed on the simulated
results to derive a reservoir release policy. The form of
this equaction is prescribed by the user and is, of course,
open to question.
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Early developmental work using the implicit stgchastic
optimization approzc?swas carried out by Halll , Hall and
Burasl3 and Youngl ' Although this approach is also
computationally expensive, it has more promise for multi-
reservoir systems—-~since the size of the problem does not

increase as quickly as for the explicit approach.

Since both of the above approaches were generally too
expensive and too impractical for most real-life situatiomns,
it became obvious that some simplifications were desirable.
In 1969, ReVelle, Joeres and Kirbyl put forth the idea of
the linear decision rule. For a reservolr system, they
suggested that the reservoir release, q, during a particular
time period could be related to the storage at the start of
the time period, s, by the relationship

qQ =8 - b

where b is a decision parameter to be derived by the model.
This rule had the decided advantage that it could be trans-
lated conveniently and efficiently into LP formulation.

Since its 1introduction however, the linear decision rule has
been subject to considerable controversy. Revelle and Kirbyl ’
Joeres, Liebman and Revellel , Nayak and Aroral?, , Eastman
and ReVelle2l and Leclerc and Marks22 have modified, extended
and/or applied this method to reservoir management problems.
However, Eisel23, Loucks2%, Sobel23, and Loucks and Dorfman26
have all questioned the utility of this model for reservoilr
management. For example, Loucks and Dorfman2® have demon-
strated that the use of the decision rule leads to conserva-
tive results, primarily because the imposition of the rule
itself represents an additional operating constraint. They
suggest that this technique may be suitable for screening
studies, but seriously question its utility for deriving
optimal operating policies.

For the foregoing, it can be readily appreciated that
optimization models have major limitations for deriving
multireservolr operating policies--especially systems with
many reservoirs, In order to use these models effectively,
it is often necessary to simplify the system representation,
to limit the length of the hydrologic sequence and to elimi-
nate many detailed comsiderations which occur with operating
multireservoir systems in practice.

In many systems, it is also difficult (if not virtually
impossible) to define the objective in mathematical terms.
While defining economic benefit functions for some water-
based needs (nydropower and irrigation, for example) is
reasonably well established, this is not the case for systems
which produce certain other water-based benefits~-recreation,
fish and wildlife preservation, etc.



-237~

For the studies on the Trent, Severn, Rideau and Cataraqui
systems, it was considered desirable to reflect operating
procedures in detail. There were also several water-based
benefits which were judged to be very difficult to quantify
in economic terms. These included recreation, fish and wild-
life, water quality and recreational navigation. For these
reasons, it was decided that it would be best to use a
simulation model and to adopt a trial-and-error approach in
developing optimal system-wide operating strategiles.

It is useful to elaborate on one additional principle of the
Acres approach. At the outset, 1t was considered most desir-
able to develop a simulation model which would effectively
simulate recent historical operating practice. This included
not only the simulation of the physics of the system, but
also simulating the various decision and monitoring processes
for various states of the system for different hydrologic
conditions.

This process of calibrating receant historical operating
practices served two purposes. Firstly, it provided a basis
for formalizing rules of system operation for recent and
current operating conditions. And secondly, it provided a
basis for exploring the potential basin-wide impact associated
with modifying current rules of system operation.

This process had a very positive side benefit. TFor the
initial calibration work, it was necessary to have very
detailed discussions with system operating staff. From these
discussions, it was possible to define rules of system
operation in suffi~ient detail so that the simulated results
were in reasonablc agreement with historical operating
responses. It was not possible, of course, to achieve perfect
calibration since some historical procedures have an "ad hoc"
element. Nevertheless, after a series of discussions and
model tests, it was possible to achieve sufficiently close
agreement so that both the consultant and the system operating
staff were satisfied that the model provided a reasonably
accurate representation of system operating rules.

This process provided a unique opportunity for system
operating staff to actively participate in the study. In
many cases, the operating staff played a major gole in
defining potential improvements in the rules of system
operation--as well as in the interpretation of the simulated
responses.

This collaborative effort during the study permitted rapid
acceptance of the consultant's recommendations. Indeced, all
the major recommendations of the various studies on the Trent,
Severn, Rideau and Cataraqui systems were implemented very
quickly.
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REPRESENTATION OF
SYSTEM OPERATION

Before describing the simulation model, it is useful to
discuss concepts and principles of system operation.

Concept 04 Opernation

At the outset, it was necessary to develop a basic perception
of the manner in which a multireservoir system is operated.
1t was recognized that there are two basic activities.

(a) Decision Making - At certain intervals of time, the-
chief operator will review the condition of the system
and make a set of operating decisions. The decisions
are expressed in release rates at the various control
structures.

(b) Monitoring - During individual time intervals, the
operating staff monitor the system in accordance with
the prescribed operating decisions.

The operating decisions are based on three considerations

- the current state of the system, i.e., existing reservoir
levels and channel flows

-~ forecast of net inflows
- the operating policy.

The operating policy is a set of rules which define the best
decision procedure for any combination of system state and
inflow forecast. This may either be prescribed precisely,
i.e., formalized or may be a set of ideas which the chief
operator and his staff have developed from years of operating
experience.

The simulation model was developed to simulate these decision
and monitoring processes. It proceeds recursively from one=-
time interval to the next--with each time interval reflecting
the interval period between decisions. At the start of each
interval, it derives decisions which simulate the operator's
decision process. This is based on satisfying the prescribed
operating policy optimally for the given system state and
inflow forecast.
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Framewonrk f§on Representing
AlLtennaztive Oparating Policies

There are four aspects associated with defining rules of
system operation

- defining rules for individual reservoir levels
- defining rules for individual channel flows
- defining relationships between reservolr levels

- defining relationships between reservoir levels and channel
flows.

These will be described in turmn.

Rules fon Individual
Reservoin Levelds

The framework adopted for defining reservoir levels includes
both rule curve and multiple zoning representation (see
Figures 2 and 3). The rule curve denotes the locus of
optimal operating levels over time.

For either wet or dry hydrologic conditions, the levels in
the various reservoirs will deviate above or below their
respective rule curves. The zoning representation provides
a convenient frsmework to define operational practices to
reflect satisfaction or concern for different water-based
needs. These include

(a) Conservation Zone - A zone within which the various
water-based needs continue to be satisfied. The rule
curve, which 1s always positioned in this zone, 1is
the optimal operating level.

(b) Flood Control Zone - The zone immediately above the
conservation zone--used as a storage reserve for
abnormally wet periods. Normally, the level of the

top of thnis zone denotes the onset of significant
flood damage.

(c) Flood Damage (or spill) Zone - The zone immediately
above the flood countrol zone. In this zone, flood
damage is occurring. When levels reach this zone,

it is normal to resort to emergency operating
procedures.



37T0AD TIVANNV NV HONOYHL
HI0AY3S3Y TVOIdAL Vv ¥04 3IAYND 3TNY ANV SANOZ 40 NOILVIHVA — € 3HN9i4

230 AON 120 d3s oNY _ Ane _ anne AV ydv YN 834 NYP
NOILYA3I3 1S J !
OlLvAI3 INOZ I AILLIVNI
\\\/g/u-r-l
[}
3INOZ d344Nn8

&

E= g

(o]

|

JAYND 3INY—

SN j
rJ INOZ zo;<>mumzoo/ \

/

prr———
- cm— -——
—

\\
~
NOILVA3 3 LS34D

3INOZ T0H.INOD 00014

{
dNOZ 17dS




-241-

(d) Buffer Zone - The zone immediately below the conserva-
tion zone--used as a reserve for abnormally dry periods.
When levels reach this zone, it may be necessary to
reduce outflows so that only the most essential needs
are satisfied--domestic and industrial water supply,
for example.

(e) Inactive Zone -~ The zone immediately below the buffer
zone. This zone is often defined as the dead storage
zone, 1.e., corresponding to levels below the sill of
the outlet structure. However, the top of this zone
may be positioned at a higher level to satisfy a
prescribed institutional or legal requirement--such
as minimum navigation level. When reservoir levels
reach the inactive zone, it may be necessary to reduce
releases to satisfy emergency needs only.

Rules forn Individual
Channel Flows

Channel flows were represented in a similar way (see
Figure 4). For each channel, it was assumed that there
was a desirable flow range within which it was perceived
that conditions were more-or-less ideal. 1If the upstream
reservoirs were operating in their respective conservation
zones, then the individual channel flows would be main-
tained within their respective normal flow ranges.

For abnormal conditions, 1e., when one or more upstream
reservoirs are in either their respective flood storage
zone (for wet con«itions) or their buffer zone (for dry
conditions), it may be desirable to increase the operating
range (referred to as the "extended range"). This permits
water to be released more quickly during wet periods or to
be conserved during dry periods. The extension beyond the
normal range normally reflects some inconvenience along
the channel--such as local flooding during wet periods or
reduction of water supply for certain water-based needs
during dry periods.

For extreme (or emergency) conditions, it may be desirable
to extend the operating range even further. This 1is
associated with one or more upstream reservoirs being in
their flood damage zone (for extreme wet conditons) or in
their inactive zone (for extreme dry conditions). The
further extension of the flow range may reflect significant
damage along the channel reach--such as extensive flooding
(wet conditions) or severe curtailment of supply (dry
conditions). These conditions are imposed to provide a
suitable mechanism for balancing damages around various
reservoirs with damages along channel reaches.
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Interresenrvodir Balancdng

There are two aspects to discuss when considering rules
for balancing reservoir levels.

Firstly, it is considered that all reservoirs should be
operating in the same zone to the maximum extent possible.
For example, it is preferable that a group of reservoirs
all be in their respective flood control zone rather than
having some in the flood control zone, some in the flood
damage zone and some in the conservation zone. The 1idea

of maintaining all reservoirs in the same zone to the maxi-
mum extent possible has been implicitly assumed in formu-
lating the simulation model.

Secondly, there are three general classes of policies for
defining interreservoir relationships.

- Priority Policies
- "Equal Function" Policies
- Storage Lag Policles

For priority policies, the reservoirs are ranked. The
complete zone of the lowest priority reservoir is fully
utilized first, the second lowest priority next and so on.
It should be noted that the priority rating of the various
reservolrs can be lefined differently for each zone.

For equal function policies, the zonal volume of all reser-
voirs is utilized together, while at the same time, main-
taining some interreservoir relationship. This may be
expressed as "same percentage of zonal volume", "equal
elevation deviation from zonal limit", etc.

For storage lag policies, a subset of reservoirs is allowed
to deviate a certain amount before another subset begins to
deviate. Further deviation then occurs together while main-
taining a prescribed differential between the two subsets.
The differential may be expressed as percentage of zonal
volume, storage volume, elevation difference, etc.

In the simulation model, these three policies have all
been modeled. It is also possible to prescribe a mix of
these policies.
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Reservoin Level -
Channel Flow Relationships

In addition to satisfying prescribed interreservoir
relationships, it is also necessary to prescribe relation-
ships between reservoir levels and channel flows. These
have been briefly discussed above when describing channel
flow representation. It is useful however, to provide

two additional comments.

Firstly, even though it is desirable in principle to main-
tain all reservoirs in the same 2zone, an operational limit
on a channel flow may lead to situations where groups of
reservoirs above and below the channel are operating in
different zones.

And secondly, it should also be noted that the limits on
physical discharge capacity (both upper and lower) may
override operational limits. This can also have the effect
of creating subsets of reservoirs which are operating in
different zones.

DESCRIPTION OF
MATHEMATICAL MODEL

The Acres' multipurpose multireservoir simulation model has
been developed to simulate the varilous aspects of system
operation which have been described above. In developing

the model, it was also considered most desirable that the
model be sufficiently flexible so that any of a varilety of
operating strategies could be prescribed with iaput data.

It was also necessary that the model be programmed so that
any arbitrary configuration of reservolirs and interconnecting
channels could be prescribed.

To achieve these and other requirements, the simulation

model was developed with the inclusion of the out-of-kilter
algorithm27’23. The out-of-kilter algorithm is an optimiza-
tion program which solves any problem which can be represented
as a closed network diagram (see Figure 5). The variables

of the model are the flows qy along the individual "ij" arcs

where i denotes start node of arc

j denotes end node of arc.



-245-

LEGEND

FIGURE

-

7N
-

s

A ,~. Z (NATURAL INFLOW + INITIAL STORAGE
/

v vt
CHANNEL FLOW ARC-INCLUDES THE 5 ARCS,Njj, Ugij, Ugij, Lgijs beij (SEE FIGURE 6)

UPPER STORAGE DEVIATION ARC-INCLUDES THE 3 ARCS, Ug, Uge,Ug (SEE FIGURE 6)
'

LOWER STORAGE DEVIATION ARC-INCLUDES THE 3 ARCS, L(‘: ) L;, L; (SEE FIGURE 6}

NET SYSTEM INFLOW ARC

5 - RESERVOIR SYSTEM IN CAPACITATED
NETWORK FORM




-246-

In mathematical form, the out-of-kilter algorithm can be
stated as

Min 2 = & ¢ q (L)
1y 11741

subject to X qij - L qji =0 for all j (2)

i i

<

Lyg S a4y £ Uy, for all 1ij (3
where 4 is the objective function

c is the cost of each unit of

13 flow q
i]
Lij and Uij are the lower and upper bounds

respectively on qij

It is a relatively straightforward task to represent any
multireservoir schematic in network form--as demonstrated
in Figure 5.

In order to represent rules of operation for the individual._
reservolrs and channels, as prescribed above, it was necessary
to define a series of arcs for each reservoir and channel

(see Figure 4). One arc 1s necessary to define the deviation
in each zone in each reservoir and one arc to reflect each
flow range in each channel. The overall continuity require-
ment at a storage node is shown schematically in Figure 6
(refer also to Figures &4 and 5).

In order to represent the different policies of operation
as prescribed above, 1t was necessary to define penalties
for those variables which denoted deviations from ideal
conditions. This includes those arcs which represented
deviations from the rule-curve elevations in the various
reservoirs and those which represented flow ranges outside
the normal flow range. This is displayed on Figure 7.

The cost coefficients in Equation 1 can be used to represent
system operating policies. In principle, they can be used

as measures of penalty against ideal system opetation--there-
fore, the use of the term "penalty coefficients".

In general, the penalty coefficients increase in value in
the following sequence (to simulate operating decisions for
progressively wetter conditions)
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- deviation above rule curve in conservation zone
- deviation in extended flow range

- deviation in flood control zone

- deviation in extreme flow range

- deviation in flood damage zone.

This ensures that solutions are obtained which satisfy
general relations between reservoir levels and channel
flows. This also ensures that all reservoirs are main-
tained in the same zone to the maximum extent possible.

The same principles apply for reflecting operating decisions
for progressively drier periods.

To satisfy prescribed interreservoir relationships, additional
considerations are necessary. For priority policies, the
reservoirs are ranked. This is achieved by assigning the
smallest penalty coefficient to the lowest priority reser-
volr, a slightly higher value to the second lowest priority
reservoir and so on. With this representation, the model

will then endeavour to utilize the entire volume of the

lowest priority reservoir first, then begin to utilize the
zonal volume of the second lowest and so on.

For equal function and storage lag policlies, the penalty
coefficients are all given idential values. However, with
this representaticn, the out-of-kilter submodel does not
produce a unique solution--even though the objective equation
(Equation 1) 1is minimized. It has been necessary, therefore,
to develop an additional routine which distributes the devia-
tions between the reservoirs to satisfy the prescribed equal
function or storage lag relationship.

EXAMPLE PROBLEM

Results of the most recent study of the Rideau basin have
been selected to demonstrate the use of the model for cali-
brating system operation and to demonstrate its utility for
developing optimal operating procedures. These results are
described in detail in Acres' report to Parks Canada?9,
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A schematic of the system is shown in Figure 8. Basically,
the system includes four reservoirs and a lake (Christie
Lake) with a constricted outlet. The Rideau Canal follows
the Rideau River, passing through Lower Rideau, Big Rideau
and Upper Rideau Lakes before crossing the watershed divide
into the Cataraqui system (see Figure 1). Bobs Lake and
Wolfe Lake are reservoirs which are used to augment down-
stream flows, especially during dry summers.

The calibration of system operation was performed for three
historical years.

1957 ~ very dry spring followed by below-average sumaer
precipitation

1972 ~ very wet spring followed by above-average summer
precipitation

1975 - average spring followed by below-average summer
precipitation

By simulating system operation for these three years, it was
judged that the system was being tested for a sufficient

range of hydrologic conditions. It was counsidered, therefore,
that the model results would truly reflect the full range of
operating conditions.

Results of the final simulation for 1975 are displayed on
Figure 9. From these and other results, it was considered
that the model had produced a reasonably accurate represen-
tation of operating practice. 1In most cases, the differences
between actual and simulated results were less than three
inches. The most significant discrepancy occurred on Big
Rideau-Lower Rideau Lake during the spring freshet period.
After detailed discussions however, it was noted that actual
operation during this period had been a departure from
historical operating practice and that the model was a more
reasonable representation of expected responses if normal
operating procedures had been followed.

After completing the calibration of system operation, several
changes in operating procedure were proposed and tested with
the model. The most significant recommendation was to
develop a formulized forecasting and operation procedure for
the late winter-spring period”. It was proposed that
operating decisions be made at half-monthly intervals from
the beginning of February to the beginning of May. On the
first and fifteenth day of each month, a projection of
cumulative runoff from that day to the middle of May was
performed. This was based on variables such as the amount

of snow cover, cumulacive runoff, precipitation, etc. These
relationships were derived from 30 years of recorded historical
information.
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Appropriate release rates were then computed. These were
based on two principles. Firstly, it was presumed that it
would be most desirable to maintain a more-or-less uniform
release rate at each control structure for the remainder of
the late winter-spring period. Allowance was made to reduce
flows to an absolute minimum during the peak of the freshet
period--to minimize contribution to potential flooding down-
stream, especially around the City of Ottawa.

And secondly, speclial care was taken to ensure that the
various reservoirs reach their May 15 target levels--to
minimize the risk of low levels during the summer recreation
period. Accordingly, the targe releases were checked (and
in some cases, modified) to emsure that the reservoirs were
not drawn too far.

This procedure was tested for the three years (1957, 1972
and 1975). From the simulated responses, it was noted that
there were distinct improvements in system response im both
wet and dry years. In wet years, the simulated responses
reflected larger withdrawal from the various reservoirs and
later filling than for historical conditions. This provided
confirmation that the procedure reduced risk of flooding in
years of high runoff.

In years of low runoff, the simulated results showed earlier
filling than for historical conditions. Again, all the
reservoirs come much closer to meeting their May 15 target
levels than occurred historically.

There were also se’eral other modifications which were
tested with the model. The flood control zone was expanded
in the early summer period to reduce incidence and magnitude
of flood damage, rule curves and zonal boundaries were
modified, wintertime holding levels were adjusted and flow
ranges were altered (especially for the winter period).

During and after submitting the report, Acres worked closely
with the Rideau Canal Authority in implementing the principal
recommendations of the study. For implementing late winter-
spring forecasting and operating procedure, the consultant
worked very closely with the Authority for two years. Results
were excellent, even with runoff being well above average

in both years. Downstream flows during the peak of the
freshet period were also reduced substantially. Similarly,
flooding around the various reservoirs and along the channel
reaches were reduced.
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CONCLUDING REMARKS

In the Trent, Severn, Rideau and Cataraqui basins, the Acres'
multipurpose multireservoir simulation model has proven to be
a very valuable tool for testing various strategies of water-
shed management. It has provided a reliable and credible
tool for calibrating recent historical operating practice

and for testing potential improvements in rules of system
operation.

The use of the model has also provided a very valuable basis
for interacting with system operating staff. In calibrating
the operation of the system, it has been necessary to ensure
that the staff are closely involved in describing the rules
of system operation and in interpreting the simulated
responses. After completing the calibration exercise, the
staff are again involved in defining potential improvements
in operating rules and in interpreting simulated responses.
This has provided a good basis for implementing the proposed
recommendations and for giving full support to modern
approaches in watershed management--including the use of
computerized dispatch (as for the Trent basin).

Since completing these assignments, Acres have used their
model on other operational management investigations, both
in Canada and abroad. These include operational control for
the Volta River in Ghana and for the Chao Phraya and Mae
Klong rivers in Thailand. The model has also been used for
planning studies--the South Saskatchewan River in Alberta,
Canada, the Salmon River in Newfoundland, Canada and the
Karun River in Khuzestan, Iran. This model has, therefore,
become a basic tool for river basin planning, project
feasibility assessment, operational planning and system
dispatch,
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1. INTRODUCTION

The purpose of this paper is to illustrate through the
example one of the existing multireservoir systems in Poland,
how reservoir operation rules can be developed with the appli-
cation of some theoretical tools. This will take into account
the decision making and information structures and their pat-
terns. Therefore, attention is focused not only on methodolog-
ical developments, but also on the kind of information necessary
for the determination of operational rules, and their informa-
tional structure.

First, the system considered is described and the objec-
tives of water management are specified. Next, two methods for
determining the parameters of operation rules are presented,
and finally the hierarchical approach to reservoir control in
the system considered is described.

2. A BRIEF DESCRIPTION OF THE UPPER VISTULA SYSTEM

A general layout of the Upper Vistula system is shown in
Figure 1. The system includes five storage reservoirs. The

Goczalkowice reservoir (1) is located on the Upper Vistula River,
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while the Tresna (2) and Porabka (3) reservoirs are located on
the Sola River. Immediately below Porabka is the small Czaniec
reservoir which is not shown in Figure 1. The system can be
easily expanded by the Swinna Poreka reservoir (4) to be
located on the Skawa River. A decision concerning construction
of this reservoir has already been made by the authorities con-
cerned. Finally, there is the off-the-river Dzieckowice
reservolir (5), which was built as a buffer (compensation)

reservoir for one of the major water users in the area.

The major objectives of the Upper Vistula system are to
secure water supply for the industrial and municipal water users
referred to in Figure 1 as A, B, E; to supply the steel works D
with water from the Sola reservoir via the Dzieckowice reservoir,
and to supply water to chemical plant C, and fish farms R. At
the same time, concentration of several pollutants, which are
mainly discharged into the Vistula River downstream of the outlet
of the Przemsza River, should be maintained at the levels com-
patible with water quality requirements. Reservoirs (2) and (3)
are provided with hydroelectric power stations; however, this
study focuses on water supply and water quality considerations.
The flood control portions of storage capacities are not taken

into account.

The principles of water resources management in the Upver
Vistula and Sola river basins have not changed for a long time,
with the Goczalkowice feservoir being operated independently
from the Sola reservoirs and vice versa. The Goczalkowice
reservoir is operated for the constant release rate, and it
supplies water mostly to user B. The Sola reservoirs equalize
streamflows in that river, mostly for the purpose of supplying
water to users A, B, and C. Water requirements of fish farms
denoted in Figure 1 as "R", are not taken into account by the
present operation rules of the Sola reservoirs. Decisions con-
cerning the fulfillment of these requirements are made when the
need arises; they are mostly based on the actual streamflow
rate at the outlet of the Sola River. The operation of water
transfer facilities from the Sola River to the Dzieckowice

reservoir is under the control of user D. The transfer rates
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are decided upon by user C, depending mostly on the actual
storage level of the Dzieckowice reservoir. Quite often the
transfer rates are decided upon by "intervention," de-

pending on user C's requirements. Although there are a few
general rules to follow, in principle, operational decisions
concerning Sola reservoirs are based on ad hoc agreements among
all parties concerned. What is important, however, is that
water quality requirements of the Vistula River, downstream of
the Sola outlet, are not accounted for in the operational de-

cisions concerning releases of water from the Sola reservoirs,

To summarize, storage reservoirs in the Upper Vistula
system are not operated at present as a system of interrelated
flow control facilities. It is felt that efficiency of the
system performance could be considerably enhanced if the inter-
dependencies among the reservoirs (and among some of the users)
are more explicitly taken into account in the operation rules

developed for the system as a whole.

The general layout of the complete system is shown in
Figure 1, but for modelling purposes, only some selected
elements of the system and interactions among these elements

are considered,

3. THE MONTE CARLO APPROACH TO OPTIMIZATION OF THE OPERATION
RULES

During the past few years, the first attempt to develop
operation rules for the Upper Vistula multireservoir system was
made by J. Kindler [(1977], who took into account the system

shown in Figure 2.

Water control objectives, in the (1,2-3,4) system were

limited for the purpose of the study to:

a. water supply for five municipal and industrial
centers of the region, and
b. maintenance of minimum acceptable flows (MAF) in some

of the river reaches.

The mean monthly target water demands and MAF rates and

the penalty functions describing economic losses due to not
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meeting the target demands and MAF rates have been determined

by a separate study.

It was assumed that the system derives its supply from
the randomly distributed natural inflows. The inflow into any
branch of the system, in any time period, cannot be analyzed in
isolation from the other branches or from inflows in other time
periods. Since the explicit consideration of the multivariate
inflow process poses a number of well-known difficulties in the
case of a multireservoir situation, the method approaches the

problem in a way consisting of the three following steps:

1. Development of a mathematical model of the multi-
variate (time and space) river flow process and gene-
ration of a synthetic trace of inflows to the
system;

2, Development of a mathematical model of a water re-
sources system and simulation of its operation over
the long trace of synthetic inflows (simulation
coupled with one of the mathematical programming
techniques) ;

3., Statistical analysis of the results of the simulation-
optimization computations and identification of the
optimal o. eration rules for the system of storage

reservoirs.

Such a procedure, generally known as the Monte Carlo or
stochastic implicit approach, was first proposed by Young [1968],

for the solution of a single reservoir problem.

3.1 MULTI-SITE FLOW GENERATION

For implementation of the first step of the proposed method,
a multi-site flow generation model was developed, based in prin-
ciple on the paper by Matalas [1967]. The model was based on

the following assumptions:

1. The process is a cyclic one and the number of
elements correspond to the number of time intervals

into which the year is divided.
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2. The internal structure of the streamflow time series
is described by a lag-one Markov process with a dis-
crete time parameter.

3. The mean flows in each time interval of a year are
log-normally distributed.

4, The normalization of marginal distributions, in this
case by a logarithmic transformation, leads to nor-
malization of the multivariate distribution
[Kaczmarek 1963].

For the case system consisting of three reservoirs, for
which mean seasonal (monthly) synthetic streamflows were de-
sired, the subject of modelling was the sequence of three

multi-dimensional random variables
{62(i), 62_3(i), 6u(i)} (1)

where the lower index denotes the site number (Figure 1 or 2)
and i (i = 1,2,...,n) denotes the season number,

Following normalization of sequence (1), several
statistics associated with these sequences were estimated.
Using these statistics, the model for generating synthetic

streamflow sequences was developed for each month of a year.

The statistical resemblance between the historic and syn-
thetic streamflow sequences was analyzed by the t-test (mean
values), z-Fisher test (variances) and log-transform test
(correlation coefficients). At the significance level of
a = 0,05, the differences between the corresponding statistics
proved to be insignificant for about 90 per cent of the analyzed

parameters.

As a result of the streamflow generation, 100~year-long
synthetic sequences of mean monthly inflows to the system were
obtained.
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3.2 SIMULATION-OPTIMIZATION MODEL OF THE SYSTEM

The next step of the approach presented here was to de-
velop a simulation model of the system, where at each time step
the vector of optimal controls is defined by application of one
of the mathematical programming techniques. 1In the case of the
multireservoir water resources system, this vector consists of
optimal releases from individual reservoirs. The "optimality"
of decisions on the reservoir releases depends to a large extent
upon the forecast of future inflows to the system. The problem
arises of how many future inflows influence the decisions con-
cerning the reservoir releases at a particular moment. In other
words, the guestion is what is the time-horizon of significant
future inflows when the reservoir operator must make his decision

concerning the release.

Referring to the Upper Vistula situation where reservoir
capacities are relatively small, it has been assessed that, for
the monthly seasons, the "significant future" is equal to approx-
imately six months [Hydroprojekt 1972]. Therefore the basic
assumption which underlies the simulation-optimization analysis
is that future inflows to the system--those which influence the
decision on reservoir releases--are known. All inflow values
are elements of th.: previously generated synthetic traces and
the simulation-optimization process is carried out in a deter-

ministic environment.

At the first step of the simulation procedure the follow-
ing optimization problem is solved: for the given vector V(1)
of initial storage volumes in all reservoirs, for the given
sequence of vectors Q(i) of inflows to the reservoirs in the
i=1,2,..., 6 months, and for the given pattern of water de-
mands in the water resources system served by these reservoirs
(for i = 1,2,...,6), define a sequence of vectors W(i) of final
storage volumes in all reservoirs that minimizes the total cost
of operating the system. The vector W(1) was next used as the
initial storage volume for the solution of similar optimization
problems (with appropriately changed reservoir inflow and demand
data) for the next 6 months. This simulation-optimization
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process was carried out for the whole 100-year period for which
synthetic sequences of mean monthly inflows to the system were
generated earlier. The cost of operating the system was the
function of water transfer pumping costs and penalties associated
with not meeting the predetermined water demands as well as the

minimum flow requirements in the system.

It should be noted here that the sequence of vectors W(i)
describing optimal reservoir volumes at all time intervals
of the simulated period correspond to the D(i) sequence of
vectors describing optimal releases from the reservoirs. These
releases are optimal from the point of view of the minimized
objective function subject to a set of three reservoir balance
equations and other constraints.

The optimization problem can be rewritten in a short,
mathematical form as given below:

min K(W) (2)
w
subject to:
W(i) = T(i) + Qi) - D(d): i =1,2,...,k (3)
where:
V(i) - given initial vector of states

of the reservoirs,
W(i) = V(i + 1) (4)

and to a set of respective inquality-type constraints on de-
cision variables. Function K(W) is the objective function of
the model.

The simulation-optimization model employed the out-of-
kilter algorithm (e.g., see Fulkerson [1961] and Barr et al. [1974]})
which is a special purpose linear programming method designed
for the solution of network allocation problems. The suitable
implementation of the algorithm allows for dynamical generation
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of reservoir releases, in accordance with the current and fore-
casted water demand and inflow situation (the operation rules

do not have to be specified a priori).

As a result of the second step of the computations, a set
of optimal control vectors D(i) and W(i) was obtained for each
month.

3.3 IDENTIFICATION OF THE OPERATION RULES

The sequences of optimal releases from the reservoirs,
determined for each of the months and resulting from implementa-
tion of the first two steps of the procedure, were used next
for estimation of the parameters of the operational rules. It
was decided to describe the relationship between the state
vector V(i) of the system at the beginning of the i-th time
period, the vector a(i) of forecasted inflows in the given
season and the vector W(i) of final storage volumes at the end

of the season by a set of linear equations:

W) = By S () + by S(3) 2 Qi (E) +by S(5) £ @y 5 (i) ¥
+by (1)0Q (1) +By S(1) <V (1) + bg (1) +V, s(1)+  (5)
tbg 51V (1)

where j is the reservoir index.

The set of operation rules for the system was defined by

estimating the sequence of parameters {bo j(i),b
’ 17

j(i)""’bG'j(i)}

for each of the reservoirs. The parameters b have been estimated
by the linear step-wise multiple regression using the observa-
tions on Q, W, and V obtained as a result of the simulation-

optimization procedure.

The set of (12 x 3) regression equations constitutes the
operation rules, the application of which can secure the long-

term optimality of reservoir operation.
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3.4 REMARKS ON SECTION 3

The fundamental assumption for this kind of operation (or
decision) rule is the feedback between the state of the system
expressed in terms of actual volume of water stored, forecasted
inflows and resulting values of releases from the reservoirs,
The relationship between information available, which is neces-
sary for decision making, and the final decision on the desired
releases from the reservoirs of the considered time interval
(season), can be visualized as the implication formula:

(i} « {T(i), Qi)} -~ (W(i) = ¥(i + 1} -~ (D(1)} . (6)

The decisions are taken in a centralized manner (even if

some parameters of the operating rule are equal to zero) on

the basis of the current state V(i) of reservoirs and fore-
casted inflows Q(i) to the system. It is worthwhile stressing
the fact that the parameters b of the operating rule do not
depend directly on the current state of or inflow to the system,
They depend first of all on time but also hidden in this re-
lationship is the dependence on statistical properties of the

inflow process and the state of the system's reservoirs.

The centralization of the decision rule and high degree of
its aggregation makes the decisions quite general and aggregated.
Listed above are features of the method presented as well as the
length of the time discretization interval, which is equal to
one month. These make this approach more applicable for long-
term operation planning or target storage volume determination
than for real-time control or on-line control purposes. There-
fore, the approach presented provides a rule for storage policy
planning.

4., OPTIMIZATION OF MULTIRESERVOIR SYSTEM OPERATION RULES VIA
THE SIMULATION METHOD

Another approach to development of the operation rule for
the Upper Vistula system was presented recently by Slota et al.
{1978].
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For modelling and simulation purposes the system shown

in Figure 1 was divided into three subsystems [SYota 1978]:

1. A subsystem of the distribution of water resources.
The subsystem consists of storage reservoirs
(1,2,3,4,5), man-made conduits delivering water to the
users and the Sola River channel downstream from reser-
voir (3), cross-section H, and Skawa River (below reser-
voir (4) to cross-section N);

2. A subsystem of water use, including the most impor-
tant water users in the system specified as
A,B,C,D,E;

3. A subsystem of water quality which is composed of the
Vistula River (the river reach between reservoir (1)
and cross-section G), the Przemsza River along its

main course, and their tributaries.

The relationships among all subsystems and their respec-

tive inputs and outputs are shown in Figure 3.

4.1 SUBSYSTEM OF WATER RESOURCES

Problems of water quantity and distribution predominate
over problems of water quality which can be neglected when the
model of the first subsystem is derived.

There are two vector inputs to the first subsystem:

(

- vector Q ) describing natural inflows, and
- vector X of control variables such as releases from

the reservoir and flows in the conduits.

There are two vector outputs from the subsystem:
- vector M of water supply to the subsystem of water use and
={(1)

- vector U of releases from the reservoirs or flows
in river channels.

These latter streams are inputs to the water quality subsystem.

Elements of another vector V, express volumes of water

stored in a system's reservoirs.

All vectors mentioned above are functions of time but for
brevity's sake this dependence is not indicated in the equations

which follow.
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The flow balance equations which have been formulated for
the specified hydrologic cross-sections or for the specified
nodes of the system, as well as the reservoir balance equations,
are used to describe the processes taking place in the sub-

system of water resources.
The relationships among vector variables describing a
subsystem's water balance and outputs from the subsystem are

=1 .
expressed by means of the operator F ) given formally as:

w,5 = 7 @Mz, (7)

4.2 SUBSYSTEM OF WATER USE

Major difficulties arose when the model of water use

subsystem was derived.

A model of this subsystem was used to describe the trans-

formation of its inputs:

- ﬁé = water supply to the users from their own sources

or from the system's environment;
- M = water supply from the resources subsystem,
into outputs such as:

- Z, = wastevater discharge outside the system;

- 7 = amount of water discharged to the subsystem of
water quality, and

- Ez = concentration of selected water quality
indices in wastewater discharged to the
subsystem of water quality.

Operator F(2)

of the subsystem describes very complicated
processes assoclated with water treatment, flows in the pipe-
line network, municipal and industrial water use, wastewater
and sludge treatment, precipitation on--and outflow from

urbanized areas, etc.

Due to the lack of sufficient information, the model of a
water use subsystem is rather general; the amount of sewage and
wastewater discharged by water users was evaluated as a function

of time-dependent water supply.
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The relationship between water supply and wastewater dis-
charge is modelled from the quantitative point of view only.
It was assumed that the water quality indices are constant and
equal to the mean concentrations which have been evaluated on

the basis of measurements performed in 1973 and 1974.

The total amount of wastewater discharged from each par-
ticular water user to a particular river basin was derived by

the formula:

(8)

where:

1 = index of water user (1 = A,B,C,D,E);

k = index of wastewater discharge paint;

= coefficient describing partitioning of waste-
water amount among separate points of discharge

(18 = 1);
£°1,k

a, = reduction coefficient evaluating water losses
(including water discharge outside the system);
Mo 1= water supply from out-of-the~system sources;
’

M. = water supply from the water resources subsystem.

Coefficients a and B were evaluated on the basis of data
collected in 1973 and 1974, when all points of water intake and

wastewater discharge had been identified.

The identification of the coefficients in the model des-
cribing subsystem of water use, stationarity of these coeffici-
ents and their dependence on the amount of water delivered to
the user--these are the crucial problems encountered in model
development. But such problems are caused mostly by the lack
of or inaccessibility to suitable and sufficient data.
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4.3 SUBSYSTEM OF WATER QUALITY

The model of the third subsystem, where water quality
phenomena dominate, attempts to describe gualitative as well
as quantitative processes taking place in these river reaches

which have been incorporated into the subsystem.

Inputs to this subsystem are given as outputs from the
water resources and water use subsystems; they are also
23 anac

given as vectors Q characterizing the

Q(3)

quality and quantity of uncontrolled inflows to the subsystem,
water intakes and wastewater discharges of water users belong-
ing to the system environment (system-environment interactions

are not shown in Figure 1 because of their considerable number).

(3) and C

U
cross-sections from the quantitative and qualitative point of

vectors U describing streams at the chosen

3y’

view, are the subsystem outputs. In the face of the lack of

possibilities to directly determine vectors C (1) and c (3) 7
U Q

the dependence between flows and concentration of selected

water quality indices was expressed in the model by means of

operators ¢1 and ¢2 (see Figure 3). These operators have been

derived on the basis of historical data. Relationships among
processes taking place in the subsystem of water quality can be

briefly described by the following equations:

(3)
3) _F (5(1)' Z,0 )

u (9)

03 5 7 =03) & = =
=F (U +2,Q ,C +C . ) .
c APRACTAMEY

The vector function Féa)

describes by means of balance
equations the quantitative inter-relationships among inflows,
flows, amounts of water withdrawn or wastes discharged.
Subsequently, function F (3) is concerned with two fundamental
processes taking place iffi the river flow--dilution and
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self-purification--which are described by the classical Streeter-
Phelps equation [Adamczyk et al. 1978]. It was assumed that the
qualitative processes in the Vistula and Przemsza Rivers can be
described with sufficient accuracy by a model consisting of a
series of several nodes and elementary intervals representing
separate reaches of the river.

Water quality was described using seven indices, such as
BODS, dissolved oxygen, oxygen consumption, phenols, chlorides,
sulphates and suspended sclids.

4.4 OBJECTIVE OF SYSTEM OPERATION

The objective of optimal control in the system is equivalent
to determination of such a sequence of control variables:

{X} = {X(1), T(2),0e.,X(1),..., XD} , (10)

where N is a total number of discrete time invervals during the
control period, which satisfy all constraints and secure mini-
mization (or maximization) of the system's performance

index (objective function). It was assumed that for each dis-
crete time interval the elements of control variables vector X
are determined on the basis of fixed and a priori rules of water
distribution, with parameters of these decision rules evaluated

by means of simulation-optimization techniques.

The operation rule can be represented as an operator H

defined on the vectors 7,6(1), P and V:

i) = 1@ w,e" w,Fw, 9 (an
where:

V(i) = state variables vector eguivalent to volumes of

water stored in each of the reservoirs at the be-

ginning of the i-th time interval;
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6(1)(i) = forecasts of natural inflow during the i-th time
interval;
P(i) = vector of water demands in the system in the

same time interval;

v = vector of unknown parameters of operation rules.

Simulation of the control process in the system, when the
decision variables are determined using formula (11), allows
selection of parameters v which secure . optimal operation of

the system.

Therefore, the results of the simulation of the system
operation provide a basis for rational selection of parameters

of the decision rules.

4.5 SYSTEM SIMULATION AND OPTIMIZATION OF THE OPERATION RULES

Regulation capacity of the water resources subsystem does
not allow 100% certainty in meeting all of the total water de-
mands in the system [Slota and Wawro 1979]. It is obvious that
periodic water deficits in the system can occur; therefore the
purpose of optimization and control is to minimize and properly
distribute in time these deficits. Towards this aim, three
groups of users were distinguished, according to their relative
importance. This classification has been e&stablished arbitrarily

but several variants were considered, for example, such as:

e Group I - of the highest priority; this group in-
cludes minimum acceptable flows and 75% of
the total municipal and industrial water
demands;

e Group II - the remaining 25% of municipal and
industrial water demands;

s Group III - all other water users.

Classification of water users is done according to the
sequence of water supply reduction when the amount of water
stored in the system's reservoirs decreases and is not enough

to satisfy the total demands.

The first two coordinates of vector V set up the limitations

on the summarized volumes of water stored and predicted inflows
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to the reservoirs during the nearest month. According to the
limitations, water supply to the users is restricted. Therefore

parameters v, and v, define three states of the system. For

state No.1 w;ter deiands of all users in the system are satis-
fied; at the second state (No.2) only users of Groups I and II
are taken into account, and at the third (No.3) state of the sys-
tem, only users of the highest priority, i.e., those which belong

to Group I can be supplied.

The other coordinates of vector V are equivalent to the
parameters of functions defining releases from the reservoirs,
flows in the conduits and transfers of water among river basins.
The following general assumptions have been introduced:

-- the proportions among outflows from the reservoirs
supplying the common balance node in the system is
determined by the ratio between volumes of water
stored in those reservoirs;

~- the amount of water transferred among river basins is
the linear function of the flow at the outlet cross-
section of the river and the volume of water stored
in the reservoir supplying this cross-section (in
case of reservoir (5) the amount of water transferred
'is also a function of the volume of water stored in
this reservoir);

-- for all states of the system, the form of operational
rules is the same, the only differences are in the
values of parameters;

-- water demands are to be successively satisfied ac-
cording to the predetermined hierarchy of the users
and according to the number of existing sources of
water (in the first order minimal flows in the rivers
are maintained, then water users supplied from one
source of water, afterwards users supplied from two

sources, etc.).

The number of parameters Vv results from the degree of com-
plexity of the assumed form of the operation rules and functions
describing the resource allocation process. For the system
presented in Figure 1 there are 22 elements of vector V.
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The previously formulated objective of the optimal water
resources distribution was treated as the polyoptimization
problem.

Vector M characterizing water users supply and vector
c
u(3)
used to evaluate the results of the system operation. Values of

describing the quality of water in the system have been

the elements of these vectors have been settled by the choice of

operation rule parameters which belong to vector Vv .

The consequences and effects of the operation have been
estimated based upon some statistical characteristics of M and
c

u

(3) vectors obtained from a computer simulation of the sys-

tem's operation over a u45-year-long sequence of historical data.
Results of the operation are expressed in terms of the following

performance indices:

(1) performance index evaluating control in the system from the

point of view of meeting water demands:

I~

max |K. (V) = a. + G.(V) , (12)
3[1 jwjj]

where:
= index of the group (category) of water users;
G. (V) = warranted frequency of meeting water demands of
the user belonging to the j~-th group;
a. = the weighting coefficient. Values of those co-
efficients have been assumed fairly arbitrarily:

&g = 99999, a, = 680, ay = 2. These values give

preference to solutions which secure a 100%
guarantee of meeting water demands of the

first group of users and simultaneously maximizes
the guarantee of satisfying demands of Group II

water users.
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(2) performance index evaluating system operation from the

point of view of water quality:

_ 4 . ¥ 1
min K, (V) = | ] B |5 1 I ) (13)
T p=1 =1 Z 8
p=1
where:

p = index of the control cross-section (p = 1 for
cross-section L, p = 2 for cross-section M, p = 3
for cross-section F and p = 4 for cross-section Gj;

q = water quality index;

w = number of water quality indices considered;

Bp = weighting coefficient for the p-th cross-section
(it was assumed 8, = B, = 1; By = By = 3);
Jq(?) = mean value of the g-th water quality index in the

considered period of time.

Values of water quality indices have been determined in
accordance with the proposal of Prati et al. [1972] who de-
veloped functions for converting incompatible (between each other)
concentrations of pollutants to the comparable values of water

quality indices.

The number of control variables and the relatively long
time of computer simulations have caused several simplifications
to be introduced to the optimization procedure. It was decided
to perform the so called stage-optimization. At first, with
respect to the performance index (12), simulation was focused
only on thé problems of resources distribution in subsystem I.
The relaxation method was used to search for the maximum value
of performance index and during the optimization procedure the
range of parameters' variability and the lengths of the search-
ing step have been limited, based on observations of the results
obtained.

As a result, the optimal solution, as well as the set of
feasible solutions which assure that water demands are satis-

fied with the same tolerance, were determined.
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At the next stage of optimization, the simulation of the
system operation over the 15-year sequence of daily mean flows
was performed with respect to the qualitative and quantitative
processes. In this way the value of performance index (13) was

evaluated.

The optimal values of parameters of the decision rules
have been chosen according to the compromise approach where the
sum of proportional deviations of the performance indices (12)
and (13) from their optimal values (obtained from the first two

stages of the optimization-simulation procedure) was minimized.

4.6 REMARKS ON SECTION 4.

The method described in this section differs considerably
from the Monte-Carlo approach presented in the previous section,
despite the similar form of the operation rule which is defined
on the basis of a state vector V and forecasts of natural
inflow Q. First of all, the parameters vV of the operation
rule (11) are defined on the basis of the current state of the
reservoirs, while in the Monte-Carlo approach the vector of
parameters b is determined depending on the season and
does not depend on the current state of the system. The ap-
proaches differ al-o because of the less general, and therefore
more detailed character of decisions which directly result from
the operation rule (11). Another difference is caused by the
fact that the planning rule (5) was derived without taking into
account the problems related to water quaiity. One of the ob-
jectives of the method presented in this section was explicitly
expressed in terms of water quality control. The lengths of
the discretization time interval (one month) and the assumed
form of the planning rule (5) and the operation rule (11) mean
that there is no possibility of using short-term forecasts and
it is impossible to introduce relatively frequent modifications
of the storage policy. It makes the planning or operation rules,

described previously, relatively inflexible.
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5. HIERARCHICAL STRUCTURE FOR MULTIRESERVOIR SYSTEM OPERATION

The approach which is presented in this section is based on
the concepts of hierarchical control systems (see Findeisen,
Malinowski [1979]). The general idea of the approach is to intro-
duce a two-layer strucﬁure for the control of systems operation.
The upper layer of the control structure is responsible for the
determination of the storage policy of the reservoirs over the
long time-horizon, while the lower layer accomplishes operating
rules (to be applied for on-line control) using short-term fore-

casts.

In the following sub-sections the model of the case system
is briefly described, then in a more systematic manner the par-

ticular elements of the control problem are discussed.

5.1 MODEL OF THE UPPER VISTULA WATER RESOURCES SYSTEM

A simplified version of the case system, which was pres-
ented in Figure 1, is shown in Figure 4 (Salewicz [1978]). Three

storage reservoirs are distinguished in the model:

(1) Goczalkowice, (2)Tresna, and (3) Czaniec which in this model

comprises two reservoirs: Porabka and Czaniec.

The streamflow rates, their quality, and their mutual re-
lationships are described by means of the reservoir balance
equations, the flow balance equations formulated for the selected
cross-sections, the pollutants balance equations and the model of
the self-purification process in the Vistula River reach between
the control cross~sections F and G1.

Vector V is used to describe the state of reservoirs.
Natural inflows to the system are represented as Ql’QZ’Qp’QL
and QH. The decision (control) variables are water supply

rates for the specified users: MA’MB1’MB2’ MD,MC’MR and also

releases from three reservoirs: U1,U2,U3. The wastewater dis-
charges, denoted by Z with the respective subscript, are hand-
led as the external variables (forecasts). The simplifications
of the model do not reduce the generality of the control scheme

which is described below, and the extended, more detailed model
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of the investigated water system can also be adopted to this

scheme.

5.2 THE BASIC CONCEPTS OF THE PROPOSED CONTROL SCHEME

The control system (Figure 5) has, as was stated previously,
a two-layer structure (see Kaczmarek et al. [1978], Malinowski,
Terlikowski ([1978], Terlikowski [1978]). The upper layer de-
termines the storagé policy G(t), te[to,tf]([to,tf] is the

optimization horizon), of the system on the basis of the fol-
lowing information:

-- measured, current state V(to) = [V1(to),V2(to),V3(to)]
of the reservoirs;

-- long-term forecasts of natural inflows to the system
(vector Q (t)) and water demands described by means of
the time dependent vector function P(t) characterizing
water demands of specified users. These vector func-
tions are defined over the planning horizons [to,tf],
e.g., 3 or 6 months) and when the discretized version
of the model is considered, vectors Q(i) and P (i)

denote the mean weekly value of the flows' intensity.

The planned trajectory V (t) results from the solution of

the following, general form of the dynamic optimization problem:
te
min j K(M(t),U(t),P(t),Q(t),Z2(t)dt+ Kv(V) Vo (14)

M,U S

subject to:
-- so called "local constraints" given as
(M(t),U(t)) e MU, (15)
-- "global constraints":

vit) € V(t), t ¢ [tO’t ] ’ (16)

£
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where MU and V(t) are specified sets of constraints (given for

example as the balance equations, inequality constraints, etc.).

The objective function K is expressed in terms of the
penalties associated with unsatisfied water demands, minimal
acceptable flows and desired water quality standards. It can
be decomposed with respect to individual water demands and

objectives of the system operation:

K(M,U,P,Q,2) = KA(MA'PA) + KB(MB1'MBZ'PB) +

+ KC(MC,PC) + KD(MD,PD) + KR(MR,PR) +
(17)
+ K (U1) + K

¢)

] (U2) + K

(U3) +

Yy Us

+ Kq(U1,U2,U3,MC,MD,MR,ZC,ZP,QH;QL;QP) .

The latter component, K _, expresses the "losses" asso-
ciated with exceeding the desirable concentration of the pol=-

lution indices of the control cross-sections E and G1.

The simplified static formulas, describing water flow
balance and self-purification process are included in the expres-
sion defining function K_. The local constraints (15) can be

decomposed analogously to the objective function decomposition.

One of the most relevant questions is concerned with de-
fining the function Kv(V) [see (14)] and global constraints (16).
These questions can be relatively easily answered as far as in-
termediate values of V(t) (i.e., for t < tf) are determined;
however, the key question concerns the value of the final state
V(tf) which should be given as a fixed target point (stiff con-
straint) or as the desired one, introduced to the function Kv(V)
as the penalty-type function of the deviations of the final

state from the target value.

This value is the most important parameter with regard to
the dynamics of the system ("the distant future"). If the op-

timization horizon [to,tf] is relatively short, then the value
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of V(tf) could be defined, for example by simulation~optimization
techniques; by application of some ideas which lead to the deter-

mination of the planning rules described in Sections 3 and 4.

The formal difference between upper layer activity and
methods presented in Sections 3 and 4 consists of an explicit
definition, as a given time dependent function G(t), of some tra-
f]. The
practical difference results from the fact that the upper layer

jectory over the planning (optimization) horizon [to,t

of the hierarchical control structure has a more elastic con-
struction which allows change in the priorities of control
(optimization), constraints and parameters in a relatively

simple manner.

5.3 THE LOWER LAYER OF THE CONTROL STRUCTURE

The objective of the lower layer is to generate direct
control decisions M(t), U(t) according to the storage policy
determined by the upper layer at the beginning of the time
interval (optimization horizon) [to,tf]. The information which

is necessary for determination of the controls is the following:

-~ an actual (measured) state of the reservoirs Vv(t), and
-—- short-term forecasts (e.g. twenty-four hours, one week)
of unconirolled phenomena such as natural inflow, water

demands, etc.,

The operational purpose of the lower layer is to make
rational current decisions on water resources allocation with
regard to the information used (such as was mentioned above)
and given long time-~horizon storage policy. Thus, the mechanism
of modifying the storage policy is not incorporated in the op-
erating rule. The lower layer is constructed only to improve
on-line system operation without the necessity of repeating the
long~horizon optimization. The structure of the lower layer
allows use of the current information, (i.e., short-term
forecasts) in a very elastic way. First of all, the existing
structure of the controlled system (with respect to available

information and/or decision competences) is considered.
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The following decomposition of the considered model of

the system was assumed:

decision units (LDU),

Subsystem I -

Subsystem II -

Subsystem 111~
Subsystem 1V -

which consists of water user B and the
upstream Vistula River from the
reservoir {1);

two Sola River reaches: between
reservoir (2) and (3), and upstream
from the reservoir (2);

water user A;

water users C,D,R, reach of the Sola
River downstream from the reservoir (3)
and Vistula River downstream from the

reservoir (1).

This decomposition implies the existence of four local

subsystems. Each of the

I to IV, associated with the respective

local decision units has at its dis-

posal current (the most precise) information concerning the

respective subsystem and the set of local decisions. The infor-

mation pattern and authority range of the particular LDU is

shown in Table 1.

PerPprPReQ 0,0 2o 2y Mo oMy M U, Uy

Table 1., Information pattern and authority range of local
decision units.
LDU Local information Local decisions
I Q,, P M M
1 B 4
B1 82
I Q Uz
III PA MA
Iv
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It is worthwhile noticing that the last subsystem (and
the corresponding LDU IV) is the most extended, since it includes
the river reaches where water quality requirements should be met.
Water quality is influenced directly by all control variables
and inflows mentioned in Table 1, thus there is a common local
objective concerned with all these variables together. Each of
the LDU's takes into account its local information and the so-

called coordination variables, which are the decisions settled

by the coordinator--a central decision unit which instanta-

neously influences all LDU's.

5.4 COORDINATION OF LOCAL DECISION UNITS

Assignment of the coordinating variables (denoted by p)
relates the planning policy derived by solving the long-horizon
optimization problem with the on-line control performed by
local decision units (in the approach presented in Section 4
this relationship was accomplished directly). The coordinator
influences all LDU's in such a way that the whole, controlled
system follows the long-horizon storage policy. The LDU operation
rule means making an independent, rational allocation of water
resources inside the subsystem with regard to local objectives,
local short-term fo-ecasts and coordinator decisions p. The
local objectives should be properly modified by the coordinator
decisions which should also be chosen properly (i.e., an adequate

coordinating rule has to be determined as mentioned at the end

of this sub-section).

This is the general concept of the proposed on-line control
scheme (Malinowski, Terlikowski [1978]). 1In the current inves-
tigations (Kaczmarek et al. [1978], Terlikowski [1978]) based
on the optimizing scheme of the control structure, the price
mechanism was used as the method of coordination. The co-
ordination variables have been expressed in this scheme as the

vector:

p = (p1 ,pz.p3)
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where p1,p2,p3 are scalar variables, so called prices, corres-

ponding to reservoirs (1), (2), and (3) respectively.

Modified, local objectives (denoted by L )

I'LII'LIII’LIV
for each of the subsystems result from the decomposition of

Lagrangian
L{p,M,U,P,Q,2) = K(M,U,P,Q,2) + < p, V > (18)

where V is the right hand side of the reservoir state equation
(for example, the state equation of the reservoir (3) is the
following):

V3(t) = (Uz(t) - MA(t) - Mgz(t) - U3(t))

It is clear, that

where L depends only on decisions and forecasts related

I,...,LIV
to the respective subsystem; it depends also on p. For example,
the modified performance index of subsystem I has the following

form:
LI(P1 'MBJ'Mgz,Q'I'PB) = KB(MB."MBz,PB) +

* Pyt Mgy = Q) + Pyt My .
Thus, the LDU's operating rule includes optimization of the

local objectives:

min I,
My Uy

(l) H (i) = I,-..,Iv (19)

i)
subject to given prices (coordination variables) and actual,
local forecasts.
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Prices p should be chosen in such a way, that
controls M(t), U(t) defined by the respective LDU according to
(19) yield some trajectory Vr(t) of the reservoirs' state, which
approximately (according to specific requirements and conditions)

follow the storage policy V(t) defined at the upper layer.

Based on the measured, actual state of the reservoirs

Vr(tj)(tj € [to,tf]) the prices are modified subject so some

formula A (see Malinowski, Terlikowski [1978])

A ~
V() S B, (19a)

The coordinating rule (19a) and the LDU operating rule (19) consti-
tute the whole operating rule as accomplished by the lower layer

of the considered control scheme.,

5.5 REMARKS ON SECTION 5.

At the end of this section some additional properties of

the described method are discussed.

Modifications of the local objectives introduced by the
specific [see (19)] choice of the prices enable a balancing of,
in a rational mann.r, current water demands and other require-
ments within the possibilities offered by the local short-

term policy of the system.

It is worth observing that the LDU rule (19) has the
following optimality property:

-- if short-term forecasts prove to be fully consistent
with reality, then the controls M(t),U(t) assigned by
(19) are strictly optimal for the performance index (17),
subject to constraint V(t) = V;(t), where V;(t) is a

state trajectory occurring in the real, controlled system.
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Hence:

~- local decision units accomplish a rational (optimal)
current water distribution in a system;

-- the coordinator sees that this distribution is
realized according to the storage policy;

-- the upper layer (planning layer) aims for a proper

choice of this policy.

The scheme presented is quite general and elastic. This
very natural structure can be adjusted to specific, real con-
ditions. It is possible to introduce some additional elements
(which may exist in reality) into the operating rule and use

various methods of long-horizon policy planning.

At the present stage of research (when the numerical
experiments are extensively performed), the proposed control
scheme has not yet been entirely adapted to the system, espe-
cially from the practical point of view. However, it seems
that its appealing features (as far as control during drought
and normal flow conditions are concerned) provide considerable

incentive to carry on this research.
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1, Introduction

The Sonderforschungsbercich 81 at the Technische Universitét
Minchen 1s an interdisciplinary research program about problems
of the qualitative and quantitative run-off-processes in thz
alpine and prealpinc region, This research progrem is sponsored
by the Deutsche Forschungsgemeinschaft since 1974, At present
ten projects are established. The aim of this Sonderforschungs-

bereich is to evaluate the basis for the optimal use of the

natural debit in an over regional water-management system.

Within this research program, the project C2 "Reservoirs in
River Systems" is concerned with models for the description of
the run-off regulation through reservoirs, the determination
of the effects of reservoir operation and their optimizaticn.

The main points of this project are the testing of available



-297-

reservoir models on existing plants,  the development of wmodels
for the description of the regulation of reservoirs which can
be used as a basls for online operation, and the development

of those parts of an inte; rited model for multi-purpose
reservoirs which are necessary for optimal planning. Although,
this project is part of a regional research program, the

validity of its results is not restricted in any way.

2. Long~term reservoir models

Stochastic models for reservoirs consist of a stochastic
model for the inflow and a deterministic model for the regulation.
Because of the various mcthods for the solution of rescrvoir
vroblems ani the different purposes of reservoirs, several models

Ior the description of reservoir operation have been pruposed,

2,1 Gerneral survey

Available models for reservoir operation can be classified
un'‘er the aspects of the system equation and of the type of

operating policy.

Let AT be the time-unit in the model, e.g. month or day,
thn the physical interrelation oI the reservoir process are

given by
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S = max | nin {S; j + Z(i

1,41 i, - A otk . 0l (1)

' J)
with
S, | im'l content at the beginning of the j-th time

unit 4T in the year i

Z(i 3) im”l  inflow during the Jj-th time unit AT in the
?
year i
A(i i) [m3] release during the J~th time unit AT in the
?

year i

1f inflow and release are simultaneous processes. In the cases
that inflow occurs before release or vice versa, the system

equations are

Si,j41 = maX Imin Sy 4+ Z(y 4y, K} - Agy,q) 0 O (2)
inflow before release
Si,j+1 = win { max ;Si,j - A(i,j) , O + Z(i,j) , k! (3)

reicase before inflow

It is evident, that the three types of the system equation
describe different physical conditions, An interpretation of
these equations as formal descriptions of different basic
operating schemes for reservoirs is possible only in those
cases where the inflows can be regulated. But the assumption
about reservoir operation involved in equation (2) and (3)

are very restrictive.
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For the forma! description of reservoir operation, different
types of operating policies arc used. One possible classification

is the following

- stationary operating rules
The release A(i j) is defined as a function of parameters,
’
e.g. present content S or/and preceeding inflow Z( i=1)"
i,] 1,31
which are known at the beginning of the time unit under

consideration, [4,7]

- adaptive operating rules
In this case, the release A(i;j) is determined during the
respective time unit, Examples for this type of operating
rules are those, where the release only depends on the
actual inflow or on the actual contents during the time-

unit, [5, 7, 8, 17]

- mixed operatiry rules
The principle of this type of operating rules is that the
release A(i,j) is determined in two steps, Based on tle
avallable information, the first decision about the release
is made at the beginning of the time unit. During the time

unit, the release is adapted according to the actual inrlow,

The explicite formulation of the operating rules can depend
on the special aspects of the reservoir problem under consideration.
In particular, this holds for elements of a multiple reservoir

system.
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2,2 Hesults of the model analysis

Based on former investigations [2, 6], the applicability
of the various operating models has been investigated enquiring
whether the difterent assumptions agree with the situation of
exlsting reservoirs and how the assumptions influence the state-
ments about the reservoir operation. The results obtained from
the analysis for about fifteen reservoirs which are different
in the purposes, in the characteristics of the catchments and
the integration in systems show that the operation of these

reservoirs can be described by

Ai,5) = @5 % By Si,y v vy 2(4,p) (4)

Comparisons of the real world conditions of the reservoirs
and the results obtained with different operating models show,
that neglection of the content or the actual inflow can
cause a nigh methodical risk for realistic statements about

the reservoir operation [8].

Theoretical as well as practical investigations show that
some adaptive operating rules depending on the content are
special cases of mixed operating risks with the parameters
initial content Si,j and actual inflow Z(i,j) . Mixed operating

rules can be applied in stochastic queuing models, stochastic

simulation models and optimization models [7, 9, 11, 12].

As special property of mixed operating rules with a linear

inflow component is that the long-term operating can be trans-
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form d 1n an equivilent "online® rule, It is

a. . = . . N a . .
41,507 Cage by Siy ) /ot ez 400 (5)
with
ay j(T) Ims/s] release at the time «
*
z; j(T) m>/s 1 inflow at the time T
1

This e¢nables the consideration of short-term restrictions for
the release during the time unit T in the "online" operation

and in optimization models,

3, Consideration of short-term aspects in long-term reservoir models

The difficulties in the consideration of short-term aspects in
long-term reservoir models are caused by the time discretization.
In general, the time units are great in comparison with the dura-
tion of short-teru events. Therefore, the theoretical possibilities
of some operating schewes [10, 17] cannot be used directly in

practice.

3,1 Integration by special functions

In the cases of minimum-flow restrictions, special functions
are used in order to describe the interrelation between the inflow
and the release during the time unit and the required or usable
amount of water due to this restriction {10, 14]. Whether such
functions are necessary depends on the length of the time unit

[147.
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3,2 Use of ymall time units

Some models for the generation of the inflows in small time units
are available [18]. Their application in reservoir models lead
to an essential increasing of the computer requirements in time
and storage, Further, the applicability of these models seems to
be restricted to special hydrological conditions in the catch-

ments [9].

3,3 Integrated models

Integrated Models for multi-purpose reservoirs have been proposed
in various versions. One of them is the use of a daily operating
gcheme in a monthly model [12]. An other one is the differentiation
between month and without floods., In months with flood, the inflow
and the operation of the reservoir are represented by special
models [1]. While the previous mentioned models work with a
uniform time-~discretization, an other approach is based on a va-
riable time discretization. The definition of the single time in-
tervals depends on hydrological and operational aspects., Models

of this type has been applied successfully.

4, Combincd luni-term - and flood = model

The combinod woic. Lcr the consideration of floods in a
menLthiy stochastic simulation model for the operation orf
reservoirs consists of two basic models. These are the monthly
moli-i for the long-termod operation of the reservoir, and the

hourly model for fiood hydrograpns and ihe oniration during
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the tlood. The irntegration of the short~terw model in the

long=-teri one is uone by a special superposition procedure,

4,1 Monthly model

Various models are available for the gencration of synthetic
tim: scrica of monthly inflows., We applied the Ficring-model;
witnout any difficuities any other mudel for the generation

of nonthly intlows con be uscd,.

4.1.2 (peratio:n

Assuming infiow and release as simultaneous processes, the
wontnly change of the reservoir storage is giveu by equatioa (1).
Durin> every month, the release A(i 3) is determined by a

’

mixed linear onrrating rule, equation (4).

4,2 Flool moded

4,2.1 Synthetic flood hydrographs

A major part of the investigation in the field of Ilood=-
protection with statistical methods is concerned with the
probl-m ot suitable general probability function Ior the
flood parameters., As the parameters are physically inter-

reluted o multi~-dimensional probubility aistribution is
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required to deuvceribe flood events. In gencral, the estimation
ot such a probubility function is nearly impossible.

By our method, flocds are defined as inflows which exceed
a4 given truncation level YL, The essential parameters of flood
events are the peak flow of the flood P (m3/s) , the volume
ol the flood V (m3) , the duration of the flood O(h) and the
relativ. position of the peak in the flood PP (=),

If the parameter PP is stochastic incdependent from all the
others, the genceration of synthetic flood hydrograrhs is based
on the separate generation of this parameter and of the leading
parameter of Li:e otner ones. The latter ones are deduced by a

sequential regression, e.g.

vV = f1 (v)

D = 5 (Vv
£, (V)
where the pearx flow P is the leading parameter.
The flood hydroprarhs of the synthetic floods are approxirmatea

by a parabola for the iuncrcasing part of the flood and a parsbola

for tae decreasing part of the rlood [15].

4,2.2 Uperation

During the occurence of floods a reservoir can be managea
controlled or uncontrolled., The most common release - strategy
is the definition of an outfiow not to be exceeded. Additionw«liy
in our models the crntrolled outfiow is allowed to be implicitly

deverdent on ine inflow - thus, ti release - strategy can be
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rrerent Cor e einine waad the taliine lTiwmb - lhe content of

bt reaservoir or bath, With non controllable draw - off structures
it i5 esserntinl to bear 1n mind that tho total release of such
structures with respect to a certain water level equals the

minimum outiow as soon as this water level is exceeded,

After th - development of suitable procedures the method of
simulation can be used to calculate the probability of faiture
ror speciric designs of the reservoir, to investigate the
consequences of wmanaging strategies and necessary roestrictiong.
For exawmpl., our model computes the interactlion butween the
max tmum outfllow, the corresponding content anid the probability
of failure for each given release-strategy. Whenever the
reservoir overflows due to one ot the, say, one thousand
simulated iood. the maximum oulflow is increwsvd by a deflfined
disclhavge 4w, Allernatively, 15 the absolute viaximun. £.ow 1s
reached, i slorage capacity c¢in be stevped up by an eauivalont
Ade Obviouoly, eajustitn. tic ecacacity firvst aud coumbinuti. na

oI poth mutnous Aare equaliy posnible [16].

4.3 Combination of the models

Basic assunptions for the coumbination ol th: wod s Vor
the wontuly opoTation and t.. oporation durin: ricods are that
can occur eitner onr floot vr o Slood during 2 year ona tiat

bive. wernence of yearo with o without a flood ie on inuvesenacnl

identically distributed rodur. 10 CesSs,
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Je W] Sipareoo vt st Ylood soenrence

Dvotine e probability of the occurence of a flood during

oo b by b secur e of yesrs withc and without a flood
can be simulatcea by the folioding, proc G
u, < ¢ tnere is a flood in the year i (&)
ug > 4 i re 15 no I'looa in the year i

where O <ui< 1 is & uniformly distributed random variable,

Let be ”j’ J = 152,640,512, the probuability th:-t there is a
flood in the month j, the simulation of the month J in the

year 1 runs as follows

JSJ i the flood in r:e year 1
< v, K : . .

\=u 1 i Felt 7a oceurs i vt ormernon J

whuve Voot sae s et as up boeonatien ().

The begio 1 of thce throod 10 the monti j in the year 1

iy

’
is assumed to be rawmtow ami it is generated by

T = w, . ( 9. - D )
1y 1,1 J 1,
where O <wi 3 <1 is # uaiforwly Jdistributed raondon verizhle
’
nnd Tj end Di 3 arc e Loensth of the wonth and the durzthou
’

of the flood,respectively.
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4,5, «perqtion during flood nonths

The cperation auring fiood months consists of three periods.
These are tre tine before, during and after the flood. Until the
pegin of the [{lood, the reservoir operation follows the long-term
ruite., The releaze during this time can be determined by the in-
te ration of equatiuvn (5). buring the flood, the regulation is de=
fined by a special operating scheme. After the flood, the long-
term is valid again. But the release in this period dejends also
on that durin,s the flood. 1f possible, the sum of releases in the
tnree periods should be egual to the release defined by the monthly
operating rule (4), If restrictions would be violated, the return
to the long-term onperation occurs during the next time unit. Detalls

of the procedure are described in [13].

4.5.3 Intevrati o n of Forecasbing

tne escential property of the outlined combined model is, that Lts
structure 1o a very close approximation to the "online'" operation
of reservoirs. iis concept consider that floodq are randowm cvents,
In the case of "online" use of the model, the substitution of the
synthetic flood-wodel by a model for the forecasting of floods is
pessible witrhout any aifriculties. This holds although for the

operating scheme, il adapted repulation schemes to successive im-

vroved forecastings of the flood are used.
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Y vxtension to walti=ourpose reservolr systemns

5.1 General remarks

Iinteractions of reservoirs in systems can be caused by
operational andi/or hydrological conditions. The results of our
investigatiuns indicate, that the extension of the linear mixed
operation rules for such reservoirs is possible. Results obtained
by the applicatiun of multi-site data generation models show that
streamflow series as well as the occurence of floods in river
systems can be described by a stochastic model with a sufficient

accuracy, too.

5.2 Avplication

The combined model has been applied to the reservoir Forggen-
see, This is @« multi-purpose reservoir -- hydro-energy prcduction,
flood control, low flow augmentation ard recrcation -- witn a
following chain of small dams for hydro-energy production, The
outlined model together with an operation model for the hydro-
electric system can be used as basis for the online operation,
Models for the forecasting of floods, for the optimization of the
actual flood repgulation can be integrated in this combined operation

model.

Current investigations are concerned with the application of
the stochastic combined model to a system of multi-purpose reser-

voirs .
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Initial Remarks. This overview is related only to the operation of
reservoirs in general, and of multiple reservoir systems in particular.
Planning and design aspects are not covered. The overview presents the
philosophies and concepts of approaches, and the research lines followed.
No research results are included, pending their publication under the
acknowledgment of the proper financial sponsorships. The overview is
separated into two parts: (1) Approaches to reservoir operation; and
(2) Research activities.

PART I

APPROACHES TO RESERVOIR OPERATION (Condensed by V. Yevjevich from the
write-up by V. Yevjevich, W. A. Hall, and J. D. Salas)

1.1 Positions and Approaches to Research

The problems of the best operation of storage reservoirs have occu-
pied professionals from the time the first modern reservoirs were built
in the second half of the last century. With time, the operational rules
in the form of operational curves, tables or equations (recently) have
been developed. Basically, experience with operation of reservoirs, on a
trial-and-error basis, has led to various types of operational rules
based on the original reservoir objectives and various constraints.

The characteristics of derived operational rules are: (1) A high
level of flexibility in decision making; (2) Ability to integrate in the
decision making and rules those factors which are difficult to quantify
in monetary and other economical terms; (3) Any new experience (large
droughts, unusually wet years, exceptional floods, water quality require-
ments, changes in the reservoir objectives, more data and knowledge on
inflows, reservoir seepage and evaporation, water demand flexibility or
rigidity, etc.), has usually led to a corresponding modification of the
operational rules; (4) The experience with the design of operational rules
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on the existing reservoirs has been transferred to the new reservoirs by
the principles of analogy and adaptations to the new conditions.

The fact that the operational rules approach to operations of most of
the reservoirs in the United States and abroad has been continued regard-
less of a flood of proposals, based on operational research and various
numerical computer-oriented optimization techniques, is a good indication
that operational rules still do a better job, regardless of some recent
slow progress of the limited use of optimization techniques,

The reluctance to accept new mathematical optimization models has
been attributed by their proponents to: (1) Human inertia to new ideas,
and (2) Inadequate training of the professionals in modern mathematical
methods. While there is some evidence that these factors exist, before
one accepts them as the cause of the reluctance, the very real possibility
that the mathematical optimization does not accurately portray the real
problem situation should be evaluated. Experience in other areas suggests
that when new ideas, claimed to be an order of magnitude better, are not
accepted, there is usually a good cause.

In this case, a hypothesis is advanced here that the proposed mathe-
matical models are not adequately representative of the fundamental prob-
lems of reservoir operations, while the operational rules are considerably
more satisfactory. Mathematical models are inflexible. A given set of
data (with considerable uncertainty involved) must necessarily produce a
fixed answer or a decision policy from a given model. Unless that model
is developed in such a manner that operator's judgment, based on experi-
ence, can be brought to bear at the appropriate step in the analysis, the
results are inflexible. Unless that model is developed with the appropri-
ate objective functions (not one but several functions), it cannot produce
the optimal policy for *ie real problem except by mere chance. Unless the
non-quantitative aspects can be incorporated by judgment, the results may
be seriously in error. Unless the derivatives or rates of changes of
various objective functions and constraints accurately represent the rates
of change of the physical and social phenomena, they are intended to por-
tray, the results can be seriously in error, regardless of what is the
root-mean-square error between the substitute function and the true func-
tion. All of the factors contribute significantly to a conclusion that,
in this instance, the reluctance to accept mathematical optimization, as
a substitute for judgment based on long experience, may be well founded.

In reviewing most of the previous optimization analyses, including
those by the writers of this text, it appears that there has been too
much concern with the form of the model (i.e., decision variables, an
invariant objective function and invariant constraining functions) than
with the substance of the reservoir operational problems. A single
objective function is chosen, often an order of magnitude index of eco-
nomic returns. The function is (and must be) then assumed to be invariant
with time and/or various combinations of exigencies that may result. By
an invariant function, it is meant that the mathematical rules for calcu-
lating the level of objective achievement do not change, regardless of any
eventualities. None of these conditions conform to the reality of most
operational systems.
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Perhaps most important, the mathematical models are de novo rather
than evolutionary adaptations of existing procedures. Where they are
compatible with existing procedures, they do not produce better results
(e.g., optimization vs. mass balance analyses) even though it is more
sophisticated and more difficult to interpret any proposed or imposed
deviations.

For these reasons, a second hypothesis is advanced here, namely that
there is a greater probability of improving reservoir operating rules by
step-by-step evolution from the existing practices than by de novo mathe-
matical modeling in a different context of the problem. Before the exist-
ing operating rules approach is discarded, there should be research and
field tests on pilot projects to determine full power and utility of
these methods so that they reflect the substance of the operational prob-
lems. Without arguing that these rules are perfect, it can be asserted
that until these capabilities to reflect real situations have been iden-
tified, analyzed and incorporated accurately and effectively into the
quantitative analysis, substitution of de novo mathematical methods. has a
very high probability of failing to represent an accurate portrayal of
the problems and constraints of the real problem.

In particular, the writers' position is that considerably more atten-
tion should be given to the design of appropriate objective functions.
Despite the fact that the obvious primary objective of virtually each
water project is to improve the assurance of the availability (or absence)
of water in particular times and places, this fundamental objective is
nearly always replaced by a crude economic estimation in the form of the
objective function. Assurance is frequently imposed by an arbitrary guess
for a penalty function. In effect, this guessed answer then uses a sophis-
ticated system of analysis in a crude attempt to see what the guess turns
out to be. In other cases, it is used as an arbitrary constraint (or
constraints) which require water to be available (or empty space available)
some percentage of the time. While better than the guesses on penalty
functions, percentage of time below rated output is a very imprecise
index of why one wishes to avoid such deficits in the first place.

The computer-oriented algorithms of optimization start with assumed
objective functions for the operation of reservoirs. How these objective
functions are obtained is most often irrelevant to the analyst. There
also seems that the formalism is put ahead of the substance. The methods
and well-defined procedures are needed to determine the objective func-
tions, in relation to various policy criteria and an abundance of the
restrictive constraints of general or particular nature. If the various
cases of practical optimization attempts have paid much more attention
on how to design the most appropriate objective functions, in the light
of various changes and developments related to the operation of reservoirs,
more meaningful results would be obtained from these attempts. The results
of optimizations or operational rules cannot be any better than the
reliability of the objective functions would permit. It is likely that
the most important losses in the operation of reservoirs, in comparison
with their possible optimal benefits, are coming from the inadequate
definitions and specifications of the objective functions, rather than
from the use of operational rules instead of various optimization algorithms.
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The objective functions are time dependent, meaning on the various
evolutions with time in water inputs, losses, demands, constraints, and
additions of new reservoirs. Therefore, a well-developed methodology,
with clear criteria and procedures on how to determine the objective
functions, at each important turn of changes in reservoir objectives,
in perceiving these objectives or in systems' information, would be used
many times over for a reservoir or a system of reservoirs. With some
ongoing resistances in USA to the construction of new reservoirs, two new
aspects of reservoirs become important: (1) A more advanced and reliable
analysis of benefit and cost, as well as various impacts and safety of
new reservoirs, will be needed in order for them to be accepted and
approved by all the decision making levels, and (2) The objectives of the
use of the presently existing reservoirs will be under stress for a change
(a reallocation of reservoir objectives), as the untapped water resources
become either exhausted or uneconomical for further development and
control.

Another basic line in developing new optimization techniques is
related to the joint operation of several or many reservoirs, as the
multiple reservoir planning and operation. A basic concept followed in
the research activities runs something like this: (1) Divide the useful
storage capacity of each reservoir into discrete layers as the multi-state
division of this capacity, and (2) Operate a system of reservoirs as the
multi-reservoir, multi-state and multi-stage optimization problems, with
each reservoir having its own objective function, and each layer (state)
considered as the discrete state (center of the layer, with all other
water storage volumes within a layer considered equal to its center
volume value). This approach provides so many combinations or permuta-
tions of reservoirs and their states, not to include also the multiple
stages (time intervals) that it automatically puts a restriction on the
number of states (layers; and/or stages (intervals). It then introduces
initially a limitation in accuracy of results by using too coarse a
division of storage capacity in only 4-6 states, including the full and
the empty reservoir states, or too coarse a division in time.

Because many reservoirs have true objective functions that are either
indentical in their compositions, or they follow parallelly similar
operational patterns, the concept of a small number of equivalent reser-
voirs seems a plausible approach in order to reduce significantly the
dimensionality in comparison with the reservoir-number and storage-state
multi-dimensional approach. Therefore, grouping reservoirs by some
criteria into a small number (say one, two, three and a maximum of four)
of equivalent reservoirs may significantly simplify the multiple reservoir
operations without significantly losing the accuracy of the final results.
An equivalent reservoir is defined as a reservoir of such a capacity that
it will produce the same results in water released, hydroelectric power
produced, flood control accomplished, etc., as would be obtained from a
number of reservoirs included into this equivalent reservoir concept.

Criteria, analysis and integration of constraints, storage capacities,
losses, inputs, outputs, production, etc., are needed as the new methodology
for computing these equivalent reservoirs. Once the decisions are made
on how to operate these equivalent reservoirs, either by operation rules
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or otherwise, the distribution rules would be established on how to allo-
cate the equivalent reservoir decisions to the decisions of real individual
reservoirs. This concept of equivalent reservoirs is a promising alterna-
tive for the multi-reservoir, multi-state and multi-stage approach to the
operation of multiple reservoir systems.

1.2 Operational Rules

The decisions to be made in real time day-to-day operations of a
reservoir or a system of reservoirs can basically be characterized by
the quantity of water to be released from each storage unit in the imme-
diately following time interval. These releases consist of two parts.
This first is the required release, predetermined in advance by contract
or other express or implied obligation to provide a minimum or assure
level of service or avoidance of losses. The second is the optimal
release corresponding to supplement water, energy or flood control
reservation which will enhance the various purposes of the reservoir sys-
tem. Note, however, that required releases are not actually mandatory,
but rather are guides which the operator must follow or have very good
reasons for deviating.

The net effect of any release decision is: (1) An impact on the
economic and other socio-environmental objectives, and (2) A modification
of all the risks that certain undesirable states of affairs may occur at
some future time. In general, these two classes of effects are in con-
flict to a greater or a lesser degree in each decision to be made.

Past practice has been to establish rule curves or, in general, the
operational rules, amounting to predetermined judgment concerning the
allowable trade-off between the immediate gain and all the future risks.
These rule curves or operational rules are largely judgments or integra-
tion of operations based on experience, with the system and its demand
backed by such quantitative models as were available and/or relevant.

In recent years, a considerable number of new quantitative models
has been advanced, which, according to their authors, can be utilized for
real time operational decisions without the necessity of rule curves or
some other forms of operational rules.

To the extent that more deterministic information is usually available
at the time of the decision than is available in advance, when the opera-
tional rules are determined, there is a justification for the use of accu-
rate mathematical models which can make use of the additional foresight it
affords. However, to the extent that the models used do not reflect all
of the objectives properly, particularly the risks avoidance objectives,
the mathematical exercise can be quite counterproductive. Most of the
proposed models use economic returns as the objective and attempt to com-
pensate for risks by the imposition of arbitrarily defined penalties
assessed whenever water or energy cannot be provided due to prior errors
(or when excess water results from infringement on flood storage reserves).
Unfortunately, because of the basic nature of optimization methods, this
is exactly equivalent to an arbitrary adjustment of the operational rule
recommendation. The ensuing analysis then is not an optimization but
rather is little more than a calculation in order to determine what the
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arbitrary guess would have produced. It would appear much more rational
in such cases to exercise the judgment directly on the allowable deviation
rather than on a penalty accurate in little more than an ordinal sense.

The problem should be treated as a multi-objective decision process
with at least twoclasses of objectives, economic and service assurance.
The former can be aggregated to some extent and still be consistent with
the standard planning practice. The latter is more difficult and may
initially require two or more characterizations to represent large
shortfalls for short periods of time as contrasted with small shortfalls
for extended periods of time.

Basic to the analysis will be the development of suitable methods for
the evaluation of the changes in the risk (or assurance) probabilities
which would result from deviations from the planning operational rule as
a function of all the information known or obtainable at the time of the
decision. With these changes, and the corresponding optimal marginal
return from making the changes, the set of trade-off functions between
marginal economic returns and marginal changes in risks can be evaluated.
These trade-off ratios can then be used in an appropriate procedure, such
as the surrogate worth trade-off method (SWT). This analysis, however, is
concerned primarily with the accurate objective changes in the risk
objectives and economic objectives due to any adjustment of the operation
rule decision rather than with the question of whether that risk change
is acceptable ar not to those concerned.

1.3 Methods Used for Solving Storage Problems

At present, practical bridges do not exist between the general theory
of water storage (or stcrage in general) and the practice of planning,
design and operation of :eservoirs, There may not be an example in the
world for which the size of reservoir storage capacity has been determined
basically by the theory of water storage. Three general groups of
methods exist for studying the storage problems: the present-day
engineering methods, the experimental or generation of new sample methods
and the analytical methods.

The engineering methods are based on the use of historical data for
inputs by determining the storage capacity of a reservoir in order to
meet a required output water supply. The operational rules are used in
management of reservoirs. In applying engineering methods, the assump-
tion is implicitly made that the same water input series will occur during
the actual operation of the reservoir, and therefore, no risk is involved
in meeting the specified demands, which is not correct.

The experimental methods are based on the generation of new samples
of inputs and outputs, by using either operational rules or optimization
techniques. Several attempts have been made to apply the optimization
techniques in everyday decision making in reservoir storage operation. A
relatively small number of cases can be cited for which the real decision
making has been based only on these techniques.
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The analytical methods have been developed mainly by probabilists,
and some by engineers. To treat the storage problems mathematically many
simplications on input, output, and boundary and initial conditions of
reservoirs must be introduced. Solutions to such simplified cases depart
so much from reality that the results could not be introduced into practice.

In order to treat the problems of two, three or more reservoirs,
several approaches have been studied. For each reservoir, the useful
storage capacity is divided in slices-or layers, and each time-unit input
and output are considered as discrete time interval values. By using
discretization of the useful volume of reservoirs, and of time series, the
discrete optimization techniques have been introduced. The review by
T. G. Roefs (1968, Reservoir Management: The State of the Art, report
320-3508, IBM, Wheaton, Maryland) on the state of the knowledge of appli-
cation of different methods for solving water storage problems, in planning
and operation of reservoirs, pointed out that for many of the new ideas
used a bridge was still missing between the suggested theoretical methods
and the applications.

To attempt a better transfer of knowledge from research on water
storage design and operation, practical pilot studies are needed. The
most promising approach for successful results will be in analyzing the
simplest cases first, say by studying one-reservoir problems, and then
passing to the two-reservoir problems, and finally to the multiple reser-
voir problems.

To study the potentials of both, the experimental and analytical
methods in solving the water storage problems, conceived as the supplement
for, or the replacement of the existing engineering methods of reservoir
planning and operation, it will be beneficial to test them in the frame
of the general three research topics: (1) Methodology for determining
the objective functions; (2) Study of the properties of the operational
rules approach to operations of reservoirs; and (3) Study of the concept
of equivalent reservoir(s).

1.4 Pilot Reservoirs

The pilot single or multiple reservoir cases should belong to
entirely different water resource systems, giving an opportunity to inves-
tigate the above topic in different environments, of different project
characteristics and reservoir objectives from the legal and physical
constraints view points.

The detailed objectives of using the pilot cases of reservoir sys-
tems are to test the developed methods in planning and operation of
reservoirs, which may prove adequate either to amend or replace the exist-
ing engineering techniques of reservoir operation.
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1.5 Objectives of Needed Research

The detailed objectives of needed research are:

(1) Development of a methodology consisting of policy criteria,
principles, methods, techniques and procedures, for designing the objec-
tive functions for planning and operation of water storage reservoir
systems.

(2) Introduction of time factor into the objective functions, to
represent a continuous evolution of the objective functions, because of
various changes with time that affect the operation of storage reservoirs.

(3) Tests of the new methodology, including the time evolution of
objective functions, on cases of the pilot reservoir systems.

(4) Investigation of the historical and present state of operational
rules and a classification of types of existing operational rules for
reservoirs, by indicating their advantages and disadvantages, as well as
the criteria and indices of measuring their performance and the corres-
ponding objective functions.

(5) A search for the reasonable bridge between the objective func-
tions and the resulting operational rules of reservoirs.

(6) Comparison of the results obtained by existing operational rules
with the results obtained by various methods and algorithms of mathema-
tical optimization in reservoir operations.

(7) An investigation of how the existing operational rules may be
improved, theoretically ur practically, and by using advantages that the
optimization and computer techniques provide.

(8) A generalization of the concept of operational rules, as applied
to reservoirs, by using the available analytical methods or any other
method suitable to accomplish a good degree of generalization.

(9) Tests of the results on the above objectives, (4) through (8),
on pilot reservoir cases, as indicated in (3).

(10) Investigation of the concept of equivalent reservoirs as an
alternative to the multi-reservoir multi-state operational schemes and
algorithms.

(11) Design of a methodology consisting of criteria, principles,
methods, techniques, constraints and procedures for the application of
the concept of equivalent reservoirs, and determination of equivalent
reservoir characteristics.

(12) Tests of results under the objectives (10) and (11) on pilot
cases of reservoir systems.




-320-

PART 11

PRESENT RESEARCH ACTIVITIES

2.1 Short-term, Real-time Control of Linked Reservoirs under Risk and
Uncertainty (Prepared by J. W. Labadie)

Research activities have been concentrated on automatic control
(using 10 to 15 minutes control time intervals) of stormwater detention
reservoirs and adjustable gates on large urban stormwater conveyance
structures. This work can be extended also to short-term operation of
large multi-purpose reservoir systems. An important contribution in this
work has been the blending of fully dynamic unsteady channel routing into
the linked reservoir system optimization. A new dynamic programming
approach has been developed for this purpose. In addition, the attempt
is made to analyze the effects of errors in inflow forecast on the accu-
racy of optimal control policies.

A computer package has been developed for stormwater storage regula-
tion in an urban environment, which combines a real-time adaptive forecast
model, an unsteady flow channel routing model, and a dynamic programming
optimization algorithm,

2.2 Optimal Multi-purpose Operation of Reservoirs in a River Basin
(Prepared by J. W. Labadie)

In this work, the focus is on long-term management questions (i.e.,
20 to 30 year runs of monthly time intervals related to the effective
multi-purpose use of existing and planned reservoirs in a river basin.) The
beneficial uses included in the case studies so far are water supply,
recreation and energy development, though others can also be considered.
Here, the efficient network optimization algorithms have been used (i.e.,
the out-of-kilter method), modified for the appropriate consideration of
evaporation and channel losses, as well as stream-aquifer interaction.
An important aspect of the ongoing research activities has been a realis-
tic incorporating of existing legal and institutional structures that
govern water allocation, into the model so that optimal policies are
implementable within the political realities. This aspect is often
ignored in reservoir systems analysis. Also, the computer program 1is
developed to be conversational and fully interactive so that water planners
and operators can use the model without having to be computer experts.

2.3 Optimal Location and Sizing of New Reservoirs and for Future Better
Operation (Prepared by J. W. Labadie)

Activities are currently directed at looking at water resources
development questionsrelated to increased water requirements for energy
development in the western United States. Attempts are being made to
synthesize an algorithm which can optimally locate and size plammed reser-
voirs in a river basin, in order to meet projected demands and a better
operation, subject to water quality constraints and instreamuses. The
current approach is to link the existing river basin simulation models to
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an efficient search algorithm. Efficient methods for multiobjective trade-
off analyses will be applied here since there are many conflicting objectives.

2.4 Optimal Control of Multi-Level Reservoir Inlet Structures for Water
Quality Management (Prepared by J. W. Labadie)

The ongoing research work, conjunctively with the U.S. Army Corps of
Engineers, is on applying the optimization methods to this problem of
multi-level reservoir inlet structures. The current algorithm gives the
daily gate-control policies for controlling certain water quality para-
meters in reservoir releases. Multi-level inlet structures are an effec-
tive way of taking advantage of stratification conditions in large reser-
voirs, Multi-dimensional dynamic programming has been used in this work.

2.5 Objective Functions for Reservoir Operations (Prepared by John T.
Westgate, reviewed by V. Yevjevich)

To assess how well the current operating practices are performing,
it is necessary to determine the objective function that is used for the
reservoir operation. This function should reflect the objectives, the
level of assurance of meeting objectives, and the trade-offs between the
conflicting objectives, applied by the operating agency in making the
real-time operating decisions.

An objective function is user specific. Since one looks at the real-
time operation rather than at the project planning and design, decisions
made at the time of project authorization are taken as given inputs. The
political process which evaluates the projects and which distributes the
benefits and costs is not the process one looks to optimize. Rather,
once the political proc ss has assigned the benefits, costs and objectives,
it is necessary to assc,s how well the operating rules and procedures ful-
fill these objectives.

Two pilot reservoirs have been chosen as the test cases for this
investigation of objective functions. The Bonny Reservoir is located on
the South Fork of the Republican River in Eastern Colorado, constructed
in 1948-51 as part of the Missouri River Basin Projects. The reservoir's
purposes include flood control, silt control, irrigation, recreation and
fish and wildlife enhancement. While the part of a large river basin
project, Bonny is a multi-purpose, single reservoir system from an opera-
tional viewpoint. Of particular interest is the underdevelopment in the
authorized purpose of irrigation and the well-developed, unallocated
purposes of recreation, fish and wildlife enhancement (Walleye breeding
and migratory bird refuge).

The second pilot reservoir system is the Colorado Big Thompson
Project. This Bureau of Reclamation Project, completed in 1959, is a
multi-reservoir, multi-purpose project. Purposes include irrigation,
municipal and industrial water supply, hydropower and recreation. This
complex system of reservoirs, power plants, pumping stations, and trans-
mountain tunnels, on both sides of the continental divide, should have
an objective function that, while complex, will be more explicit in its
trade-offs between power and water supply objectives, and the level of
assurance versus the quantity objectives.
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The research activities follow the purposes that have been deter-
mined by the enabling legislation project design reports, operating
manuals, and as results of discussions with the Bureau operations'
personnel. Connectives between system state variables (storage level,
inflow, demand, date, release) and their impact on project purposes are
to be found. These connectives may be qualitative, but quantitative
estimates will be sought. Priorities, constraints, trade-off functions,
and levels of assurance, will be looked for in the project documents,
Bureau operation manuals, and from interviews with the Bureau operations'
personnel. The end result of this investigation is expected to be a
methodology for determining the objective functions in general, and for
determining them for each pilot reservoir system, which should be a close
approximation of those that are used by the system operators.

The methodology on the objective functions will display objectives,
connectives, assumptions, constraints, trade-offs and the level of assu-
rance, which will give it its final form of converting the system state
variables into the measure of success of operation. This methodology on
objective functions will be used in the study of the existing operation
rules, and to test the alternative approaches to the operation methods.

2.6 Operational Reservoir Equations (Prepared by Lars Anderberg, reviewed
by V. Yevjevich)

A reservoir release policy is based on information available on the
system, and the release policy can never be better than the quality of
this information. The key problem in reservoir operation is the estima-
tion of future states of the system. The approach to reservoir operation
in the present research activities is a blend of three basic lines;
theory, methods and techniques, and practical engineering.

The theory of reservoir operation is relatively limited in its poten-
tial to application at present. Several areas are well covered in almost
every aspect of reservoir operation, but the results need yet to be trans-
lated into practice. The fundamental concept in all decision making in
reservoir operation is the risk. What impact may a decision made now have
in the future? To evaluate such a risk, one has to look into the future
and estimate the states of the reservoir system. This immediately brings
up the question of how far into the future does one have to look?

Assurance of water and power supplies, with the associated risk,
should be defined in a manner that satisfies the objectives of the reser-
volir system. A significant discrepancy exists often between the methods
available and the techniques currently used in the real-time reservoir
operation. The most prevalent method in reservoir operation is the rule
curves, usually based on physical characteristics of reservoirs and
plants, historical data on inflow and required outflow, but particularly
on the experience with operations. The relative rigidity of these methods
is corrected by the flexibility in the use of the operators' experience,
as long as the reservoir system is not very complex. Since the reservoir
systems usually grow bigger and more complex, the factor of experience in
reservoir operation is expected to decrease with time.
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The major research activities are directed to practical engineering,
namely to the transfer of technology, with the theory and operational
methods intended for the real-time reservoir operation. To accomplish
the transfer of knowlege, the project is based on a teamwork composed
of the personnel of operational offices of the Bureau of Reclamation
and the Corps of Engineers, and the Colorado State University researchers.

The basic research goals are a development, through the stages of
various optimization and other activities, of a practical methodology of
how the operational equations (that should replace the operational rules)
will be obtained for the given purposes of reservoir operation at a given
time, information available, various constraints, the availability to
forecast inputs and outputs, and similar state variables on which the
decisions depend on how much water will be released in the next time
interval. These equations will be valid as long as there is no basic
change in objectives, constraints and state variables. Instead of using
an optimization algorithm every time the decision for the release must be
made, the operational equations are the condensed decisions for the many
time intervals in the future. Simple plugging of the state and/or fore-
cast variables into the operational equations produces the decision variable
values. As soon as the general conditions start to evolve, the new
operational equations should be recomputed.

2.7 Equivalent Reservoirs (Prepared by Ricardo Smith, reviewed by
V. Yevjevich)

The application of operational rules to a complex water resources
system, such as a multi-reservoir system, by using the mathematical pro-
gramming is limited by the available computer memory and by the computer
cost. The complexity is not only due to a large number of system compo-
nents, such as reservoi: s, plants and channels, but also that the system
must satisfy several purposes. The requirements for computer memory and
time are an exponential function of the number of system state and deci-
sion variables. Several approaches may be used to reduce the dimensionality
of complex water systems. A commonly used approach is decomposition. The
complex water system is decomposed into subsystems, individually simple
to treat, allowing the recomposition of that system. This approach
decreases dimensionality with respect to the original system. The recom-
position is followed by an iterative approach guaranteeing that the out-
put of a subsystem represents the proper input of the subsequent subsystem.
Although this approach may reduce dimensionality of the original system,
the computer time required may be such to make this approach in many cases
uneconomical.

Another commonly used approach for decision making in complex water
resources systems is to proceed with a mathematical simplification of the
essential characteristics of the system, and in such a way as to allow the
use of certain mathematical programming techniques. The problem is that
the simplifications of the real system sometimes will solve a problem that
is basically different from the real problem.
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An alternative approach for the solution of complex water systems
is called here Equivalent System Approach. This approach was used
previously by some authors for certain particular cases. Certain restric-
tions made it difficult for the generalization. W, Hall (System Analy-
sis for Water Resources Engineering, Class Notes, 1979) called it
Optimal State Dynamic Programming, for solving a complex water resources
system with the hydroelectric power being the major concern. K. Takeuchi
(Optimal Control of Multi-Unit Inter-Basin Water Resources Systems, Ph.D.
Thesis, University of North Carolina, 1972) called it Spatial Operational
Rule, and used it to solve a system where water supply was the major con-
cern. Mohamed called it Total Energy in Storage, and used it for hydro-
electric power as the major concern. Bradford used a procedure, developed
by Aoki, called Aggregation Procedure, that was applied to the design of
a complex sewer system.

Basically, what this technique systems suggests is to reduce the
dimensionality of a complex water resources system by defining such an
equivalent system that represents in a certain way the original system,
but that has less dimensions. For example, for the case of a multi-
reservoir system, the equivalent reservoir can be a single reservoir with
a capacity that will produce the same results in water release, hydro-
electric power, flood control, etc., as would be obtained from the initial
water rescurces system. For an equivalent system defined, its operational
rule can be determined by using a convenient mathematical programming
technique. The operational rule decision for an equivalent system is then
re-allocated to individual reservoirs by following a certain pre-established
procedure.

The previous research results in this ''equivalent system" approach
are limited in application for certain cases, because simplifications
assumed by authors in the conceptualization of the equivalent system, in
the reallocation rules for simple decisions, and in some cases in the
suggested procedure dealing with optima that are not feasible, require an
iterative method in finding the feasible solutions. The equivalent sys-
tem approach needs criteria for defining the equivalence for various pur-
poses under various conditions, for multiple purposes, for analysis and
integration of constraints, for storage capacities, inputs, outputs,
losses, production, etc., for decision-reallocation rules, for analysis
of their feasibility and optimality and practicality, etc. are only some
subjects that need and are being investigated in these research activities.
The use of the approach of Equivalent System in combination with other
techniques, such as decomposition-recomposition in solving the complex
water systems, have been suggested as an alternative. Basically, the
choice is between aggregating subsystems into an equivalent system, with
its simple decisions (in dimensionality) re-distributed to subsystems by
an appropriate method, or using the decomposition of a system into its
many subsystems, with each subsystem decision coordinated or corrected for.

Fort Collins, Colorado
May 15, 1979
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Present Operating Methods

The reservoir system of the Tennessee Valley Authority is shown in
Figure 1. It was designed to regulate the main river and major tributaries in
t.ie Tennessee Valley for the primary purposes of navigation on the main river
ard {lood control on the main river and its tributaries. As much as ccn-
sistent with these purposes it was to be operated for the production of hydro-
pover. Over the years additional uses of stream flow regulation have become
important. Today, the system is also operated for providing municipal and
industrial water supplies, regulating flows to minimize the effects of efflu-
eats including condenser cooling water from TVA's thermal power plants, fluctu-
ating water levels for the control of mosquitos and aquatic weeds, controlling
levels and flows to improve fish habitats and for various recreational uses.

All TVA reservoir system operations are coordinated by the River
Management Branch of the Division of Water Resources. Close day-to-day co-
operation is maintained with TVA's Office of Power which is responsible for
the economic use of the hydropower resources. TVA directs the operation of 27
TVa-owned hydroprojects and six Alcoa projects (425 MW). The total hydro
capacity of the TVA-operated system is 3600 MW. In addition, TVA directs the
power operations of eight U.S. Army Corps of Engineers hydro projects inm the
neighboring Cumberland River system (853 MW). These hydropower resources are
scheduied together with 13 thermal power plants (23 000 MW) to meet the TVA
power system load.

The scheduling of the reservoir system is guided by:

Normal maximum and normal minimum pool elevations
Flood control guides and regulating zones

Normal ranges of pool levels

Balancing of storage volumes between reservoirs
Economy rule curves and a basic rule curve

Power demands, and

Hydrologic conditions.

~NONLY B WY e

Normal maximum and minimum pool elevations serve as guides within
the operating space defined by the absolute constraints. Absolute contraints
are project characteristics or minimum requirements specified by project
design. Examples of these are top of gates, minimum navigation depths,
minimwe turbine intake levels, maximum turbine capacity, etc. They cannot be
violated without impairing project safety or a specified design purpose. The
guides introduce additional, but less stringent limitations on operation and
are met in a certain order of priority to achieve the mandatory operation
purposes specified in the TVA Act. Such limits are the normal maximum and
minimam pool elevations, flood control guides and flood regulating zones,
minirwn hydropower reserve (basic rule curve), minimum recreation levels,
minimem flow and others. The guides (also called "user supplied constraints’
in contrast to the absolute constraints) may be departed from if it is con-
sidered desirable to trade off increments of one achievement level in favor of
others. Such trade-offs may occur between flood control and power generation,
fish and wildlife enhancement and power generation, recreation and power
generation, etc.

The economy rule curves serve as guides for power system operation
planning. They represent values of energy in storage as function of storage
and time of the year. They are used by the System Loading Branch to schedule
hydro requirements for estimated power loads and steam uait schedules.
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The predicted hydrological conditions, the hydro requirements and
the normal pool elevation guides are used in determining the daily reservoir
headwater elevations and releases. Except for occasional adjustments, these
guides have remained unchanged over the years.

The reservoir system 1is operated on an annual cycle. The flood
season usually begins in Decemoer. The reservoirs are drawn to low levels to
provide flood control space in the multipurpose reservoirs and to minimize
spill in the single purpose (power) reservoirs. The reservoirs are allowed to
rise gradually until April and then more rapidly to reach full pool at the end
of the flood season (around the middle of April). Starting in late spring or
early summer (June or July), the water is drawn out gradually to supplement
natural flow for navigation, power production and water supply. Drawdown
becomes more rapid during the generally drier fall months. This lowers the
reservoirs for controlling the next season’s runoff. All reservoirs are
returned to essentially the same low levels at the beginning of each flood
season. The ratio of total useful storage to annual basin runoff is about
0.3.

Examples of seasonal water levels for a tributary multipurpose
reservoir, a tributary power reservoir and a Tennessee River multipurpose
reservoir are shown in Figure 2. An annual operation summary based on monthly
reports of the River Management Branch is shown in Figure 3. It indicates for
each project and twelve months of the year the reported operation purpose. As
shown by this overview, the most frequently reported operation for tributary
multipurpose reservoirs is aiding to meet high system loads by peaking.
Tennessee River multipurpose reservoirs are operated to follow seasonal
guides.

Development of Enhanced Water Management Methods

The manager of a large multipurpose reservoir system is confronted
with the daily task of determining reservoir levels and releases that best
fulfill the specified purposes now and over the long range. He must have at
his disposal estimates of inputs and demands for the upcoming decision period
and certain computational procedures by which he can assess the consequences
of a contemplated operation. Such an assessment must give due consideration
to the inputs and demands of the near and distant future and to reservoir
system capabilities in order to achieve continuous satisfactory performance of
the reservoir system. For a large multipurpose system this is a rather com-
plex task because of the interaction of the many physical system components,
the competing economical, environmental and social factors and the uncertainty
of future inputs and demands. Presently no methods exist to fully deal with
this problem.

In response to this situation, TVA in 1971 started a project to
enhance presently used water resource management methods. This project is
aimed at augmenting information on inputs and demands and at evaluating this
information by fast and comprehensive computational methods. As a result, the
system manager can compare several operation alternatives in terms of their
near and distant future effects on reservoir operation goals. To the extent
possible, quantitative measures of effectiveness will be provided to assess
their relative merits.

The project includes the development of mathematical models for the
various aspects of the operation problem. They comprise forecasting methods
for system inputs and demands, simulation models for the physical character-
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istics and processes of the reservoir system, methods for evaluating operating

objectives, and reservoir scheduling models. The combined use of these
methods will aid in finding operation pclicies which best approximate or meet
the objectives of system operation. These methods, besides their use 1in

day-to-day applications, can also be used in the systematic analysis of
planned changes of the system or its operating policies.

This section is limited to the discussion of one category of models
to be developed by the project, that is reservoir scheduling models. Two
different types of models are under dJdevelopment: long-range models using
weekly time steps over planning horizons of up to one year or more and short-
range models using daily or hourly time steps over planning horizons from one
day to two weeks. An overview of- pianned developments (including the com-
pleted model 1) is given 1in Table 1. The models include capabilities to
reasonably represent the physical processes going on in the system. They
include objective functions which relate economic measures to decision vari-
ables, such as flows and storage. Also, they include algorithms which can
satisfy all absolute and user-supplied constraints, simultaneously or in order
of specified priority. Within the feasible solution space, these algorithms
can find preferred solutions which minimize a specified performance criterion,
such as a system performance index which can- be a composite cost of several
operating purposes or a single purpose operating cost, such as power genera-
tion cost.

The principal benefit of the project will be for the reservoir
manager to have a capability on hand for fast and comprehensive evaluation of
operation alternatives. This will provide more knowledge about the possible
outcomes of contemplated operations for the near and for the distant future.
It is fair to assume that this increased knowledge will have a beneficial
effect on the outcome of the operational decision process. The project is
expected to reduce the amount of manual computations and to replace these by
faster and more accurate computer programs. However, more work tham at
present will be necessary in preparing input data, running computer programs
and analyzing output. Interactive computer use will permit fast and compre-
hensive display of results.

Any computational scheme that simulates a complex real world problem
is affected by the limitations on mathematical modeling of the physical system
and by the uncertainties associated with the inputs and demands. Therefore,
evaluation and implementation of the results still depend on the judgment of
the user, on how he interprets the augmented but still incomplete information
provided by the methods. Thus, the final result depends on the decision of
the system manager. The proposed methods can only provide guidance leading to
that decision.

Effect of System Configuration on Operation

The watershed of the Tennessee River is 40 910 square miles (106 000
km?). The mean annual discharge at its mouth is about 66 400 ft3/s (1 900
m3/s). The average annual precipitation over the drainage basin is 52 inches
(1 300 mm), ranging from 38 inches (in 1941) to 65 inches (in 1973). The
total useful controlled storage of all major hydroprojects 1is 13.7 Mio acre
feet (17 - 102 w3). The average annual air temperature in the region is about
17°C, with a weekly average low of 4°C in January and a high of 26°C in
August.
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Table 1 - Water Resource !anagement lMethods

Scheduling Models Under Development

A linear programing model is used
to evaluate for one week at a
time the schedule that minimizes
expected power generation cost
for forecasted inflows and loads
after successively satisfying

all constraints by preemptive
priority ranking. Long range
system operating guides in terms
of expected power costs and other
indicators are computed on a
weekly basis for time horizons

of 52 weeks by a separate program
which uses stochastic dynamic
programing (STORES) on a dimen-
sionally reduced reservoir
systen.

No. Name and Description Use and User Status
1 Weekly Reservoir Svstem Planning Model
End-of-week storages in 19 reser- For systems analy- Has been applied
voirs and weekly average dis- sis studies by Water to planning
charges of 42 hydroprojects and Management Methods  studies such as
other weekly information on the Staff in cooperation maintaining high
reservoir system is calculated with the River summer levels.
using dyn:ric programing by suc-  Management Branch, Documentation
cessive approximations (DPSA). Power System Opera- available (Report
Planning horizons can be 52 weeks tions, Power Supply WM28-1-500-11).
or less. Includes objective Planning and other
functions for five operating TVA organizations
objectives which relate system interested in find-
operating costs to decision vari- ing multiple purpose
ables (discharges and/or water reservoir operation
levels). Minimizes a system per- policies. Also to
formance index which is expressed be used in weekly
as veighted sum of these costs operations planning
over the planning horizon. In- by RIB to evaluate
puts are power svstem character- operations for
istics, loads, strecamflow and air projected inflows
temperature sequences for the and power loads
planning horizon. over planning
horizons of 12
weeks.
2 Weeklv Scheduling Model

To be used by the In advanced stage
Water Management of development.
Methods Staff in co- Documentation in
operation with the preparation.
River Management

Branch for week by

week scheduling of

the reservoir system.

Also used for pro-

jecting reservoir

system performance.

For planning studies

in cooperation with

other TVA organiza-

tions.
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Scheduling Models Under Development - continued

Mathematical programing methods
will be used to calculate head-
water elevations, releases,
power generation and other in-
formation of interest subject
to multipurpose constraints

and performance criteria.
Models will be limited to
subsystems in which short

time variations of flows and
water levels cause concern,
such as in areas of steam plant
cooling water use or pumped
storage operations.

To be used by the
River Management
Branch to find
schedules which are
in accordance with
muitiple purpose
operation or to
adjust proposed
schedules to im-
prove subsystem
performance.

No. Name and Description Use and User Status

3 Daily Reservoir Scheduling Model
This model will be used to deter- To be used in sup- In early stage
mine end of day headwater eleva- port of daily of development.
tions and daily average dis- scheduling now per-
charges, which meet or approxi- formed by manual
mate specified targets and/or iterative methods
minimize a multipurpose perform- by the River Manage-
ance index subject to all operat- ment Branch.
ing constraints. The model will
be developed first for the main
river projects, then expanded to
include the tributary reservoirs.

4 Hourly Reservoir Scheduling Model
A short time step flow routing To be used by the Planned. Com-
method in combination with a River Management pounents for
scheduling algorithm will be Branch in pre-flood, reservoir routing
used to find headwater elevations flood and post- are in various
and discharges for reservoirs flood situatioms. stages of devel-
upstream from flcod sites. Con- Used repetitively opment.
straints will be satisfied in for each anew
order of priority. A single streamflow fore-
flood control objective or cast, once and
a combined flood c.atrol and more often per
power objective will be day.
optimized. Planning horizons
are from a few days to two
weeks.

5  Hourly Subsystem Scheduling Models

Planned. Pilot
studies for steanm
plant cooling
water use and
pumped storage
operations have
been made.
Limited documen-
tation available.
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A schematic arrangement of the reservoir system is shown in Figure
4. The major storage reservoirs (Cherokee, Douglas, Norris, Foatana and
Hivacsee) are situated parallel to the series of nine main river reservoirs.
The cumulative distribution of flow, detention capacity and installed hydro-
capacity along the main river is shown in Figure 5. It represents percentages
of the system totals upstream of a given river mile. The figure shows that
about 60 percent of the detention capacity is upstream from Chickamauga Dam
and thus available for the protection of Chattanooga, the location with the
largest urban damage potential in the system. Thirty percent of the detention
capacity is in Kentucky Reservoir at the downstream end of the system and only
10 percent is available on a 300-mile stretch of the main river between Chick-
amauga and Pickwick. Hence, flood water can either be retained in tributary
storage upstream from Chattanooga or in Kentucky Reservoir at the downstream
end of the system. This latter reservoir serves mainly for flood contrel on
the lower Ohio and Mississippi Rivers. Once water is released from the tribu-
taries it can only be passed on through the system. Water travel time from
the tributary dams to the chain of main river reservoirs is about half a day.
From the confluence (origin of the Tennessee River at Knoxville) to Chicka-
mauga Dam, the travel of a wave takes about half a day. Across the 300-mile
stretch from Chickamauga to Pickwick wave travel time is about one day and
through Kentucky Reservoir it takes another bhalf a day. Hence, about 2% days
are required for a water wave to travel from the tributaries to Kentucky Dam.
Feavy precipitation events may occur in sequence as closely as three days in a
row. Thorefore, quick decisions to relieve the system of accumulated flood
storage are necessary.

The distribution of installed hydro capacity along the main river is
also snown in Figure 5. About 2000 MW or 55 percent of the total hydro
capacity is installed in the nine main river projects. Their share of total
hydro production is of the same order, 52 percent in 1977 and 63 percent in
1978. Annual hydro productions and average hydrocapacity use rates for the
TVA system are shown in Table 2.

The specific storage distribution in the system is reflected in the
weekly models. These models only treat 19 tributary storage reservoirs as
state variables. The other reservoirs, including all main river reservoirs,
are assumned to follow fixed level guides. However, this assumption is dropped
in the daily and hourly models when all reservoirs have temporary storage
capacity.

Operation Under Varying Hydrologic Conditions

Flood Period

The flood season in the Tennessee River basin is distinctly limited
to about 5 months of the year lasting from about the middle of December to the
middle of April. Of 132 floods on record that would have gone bevond flood
stage in Chattanoogz, some 116 including all major ones occurred during this
period. lost of the remainder occurred on the fringes of this period, includ-
ing May and November, and some smaller floods occurred scattered over the
period from June through October, see Figure 6. This rather distinct pattern
allows most of the flood storage space to be allocated to other operating
purposes outside the flood season.

The distinctly seasonal pattern of flood occurrence does not relieve
the system operator of the difficult task of short-range planning for flood
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Table 2 Tennessee River Basin Hydrocharacteristics

TVA Hydro TVA Hydro Overall Annual
Capacity* Generation¥+ Use Rate* Flow$

Year MW TWh % 103£%3/s
1966 3468 12.677 k2 4.8
67 3387 15.032 51 72.9
€8 3L97 17.282 56 50.3
69 3511 13.287 43 55.3
70 3530 13.955 Ls 56,4
71 3536 14,376 L6 65.8
T2 3579 17.881 5T 81.8
73 3585 20.555 65 99.3
T4 3597 19,717 63 90.3
75 360k 19.k03 61 97.5
76 3632 16.L65 52 59.7
77 3648 16,101 51 80.9

78 3766 17.323 53

3565 16,5466 50 6L

liote: Increases in capacity are due to unit modificetions and
rehabilitatio: .,

* Tennessee River basin only. Alcoe {42k M) included, dut
Great Falls (32 MW) excluded.

* Civen for Fiscal Year (July-June until 1976; 15 months untll Sept. in
1677 and from Oct. to Sept. starting 1978).

$ at Kentucky Dam for Calendar Year (40 200 square miles); adjusted for
storage.
Units: 1TWwh = 1012wnh = 109%Wh
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control within the flood season. Measures taken in anticipation of majer
flooding include passing of early flood waters as rapidly as possible through
the system and at reducing or shutting off the tributary releases which could
contribute to the flood crest at Chattanooga. In this latter case, runoff is
temporarily stored in the flood detention space of the tributary reservoirs.
When the downstream flood crest has passed, the tributaries are returned to
seasonal levels to recover the detention space for future floods. Maximumn
turbine capacity, sometimes supplemented by spill, is used in this post-flood
drawdown.

Storage space reserved for flood detention at various times of the
year is shown in Table 3. It amounts to about five inches throughout the
flood season and one inch during the summer months. The total precipitation
of 80 percent of all major precipitation events was equal to or less than five
inches and almost all these events occurred within two to seven days.

Transition Period

A transition period follows at the end of the flood season during
which the reservoirs can be filled to summer levels. Rapidly decreasing flows
after April make it desirable to fill the reservoirs to summer levels by the
end of April. The volumes to be filled between tlarch 31 and April 30 are

shown in Table 4. The table also shows the cumulative detention volumes
expressed in average monthly flow and various levels of natural flows during
April at selected dam sites. A comparison of required and available flows

indicates that even with all water retained, the guide levels cannot be
reached 50 percent and more of the time in many reservoirs. Therefore, it is
desirable to store as much water as possible toward the end of the flood
season. This is also desirable with respect to water quality and fish habitat
management. Late resesvoir filling causes a reduced cold water storage which
may make it impossible to provide tailwater temperatures below 20°C later in
the year for cold water fish habitat maintenance.

Normal Operation

The mean monthly rainfall and runoff for the Tennessee River Basin
is shown in Figure 7. 1ore than half of the total runoff occurs during the
first four months of the year. Due to the relatively limited storage capacity
of the reservoir system, most of this runoff must be passed on so that flood
control space can be retained. The total system storage/flow ratio is 0.3.
The storage/flow ratios of major tributary reservoirs range from 0.69 to 0.21,
as shown in Table 5. The storage/flow ratios of the maian river reservoirs
range from 0.08 to 0.0l1. These ratios are indicative of the limited amount of
storage available for regulation.

Figure 7 also shows the effect of TVA streazmflow regulation on the
monthly flow regime of the Tennessee River at Keatucky Dam. The overall
change in flow regime is small with reductions of about 10 percent of monthly
average flow during the high flow period (January through March) and increases
of up to 25 percent during the low flow period (June through November). The
total shift of flow from the high flow period to the low flow period is little
more than one inch of water over the drainage basin. This 1s less than 15
percent of 6.4 inch, the already limited total useful storage.
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Table 3 Flood Detention Capacity at Various Times
of the Year

Above Chattancoga Above Yentucky
Time Dam
109¢e3 inch* 109£¢3  inch#*
January 1 277.7 5.6 506.8 5.4
Marech 15 22L,2 k.5 L50,8 L.8
Sumnmer 52.7 1.0 113.2 l.2

* drainage bpasin at Chattanooge is -~21 LOO sguare miles
*# drpinage basin at Kentucky Dam 1s 4O 200 scuare miles
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TABLE L Allowable Reduction of Flood Detention Capacity in April

Project Flood Detention Cumulative APRIL FLOW

Capacity Change Detention Maximum edian Minimum

March 31 - April 30 Capacity

1000(ft 3/s)day (£t 3/s) month (ft 3/s) morth
S. Eolsten 28.6 950 3 000 1 480 410
watauga 1.k 380 1 8%0 1l 0lo 321
3ooze 12.0 1 730t 6 810 3 920 975
Cherokee 276.3 10 9lot 13 800 € 790 1770
Douglas 372.6 12 k20 19 000 8 820 3 990
Fontana 220.3 7 340 11 600 5 210 2 séo
licrris 205.4 6 850 17 500 5 87¢ 1 sko
Chazuige 22.4 750 1 390 6C1 252
Uotsely 27.7 920 1 Llo " 563 243
Zlvasses 88.3 L 610t 6 150 2 760 1 250
Ti=s Ford 33.8 1 130 3 3ko 1330 Log
t. Loudoun Lo.8 2k 720t 38 800 13 700 6 710
Aatts ar 107.9 L2 siot 87 100 33 000 13 700
Crnickazauga 119.0 51 090t 102 000 L8 209 17 %00
Gunzersville# 69.7 53 Llot 138 000 59 500 20 200
Wheeler 166.4 60 090t 169 000 T3 9C3 26 100
Pickwick* 14L.3 6k 900t 189 000 84 Led 27 600
Hertucky 362;0 76 960+ 213 000 102 000 35 200

*Guntersville includes Nickajack; Pickwick includes Wilson.

+Inzludes cetenticn capacity change of all upstream projects.
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Table 5 Storage Characteristics of Major TVA Reservoirs
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Useful Mean Storage/

Project Project Storage Annual Tlow Flow
Type Name 109t rt3/s Ratio
Tributary S. Holston 19.1 977 0.62
Multipurpose Watauga 15.k 707 0.69
Norris 83.7 L230 0.63

Cherokee 50.1 LLgo 0.35

Douglas 54.5 6710 0.26

Fontana h1.2 3790 0.3b

Hiwvessee 13.3 1970 0.21

Tennessee Watts Bar 16.5 27L00 0.02
River Chickamauga 15.1 3L4Lo0 0.01
¥ultipurpose Wheeler 15.3 49500 0.01
Kentucky 17L4,.6 66909 0.08
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Low Flow Period

The historic record shows that flows decrease rapidly after April
and continuc to decrease or stay low throughout October. Flows are usually
augmented by regulation over a period of six moanths from June through
November, as shown in Figure 7. For operation planning it is of interest to
know how low the flow will get and how long low flow periods may last. An
example of historic flow occurrences over the past 75 years is shown in Figure
8. It represents histograms of quarterly average flows for a major tributary
basin (8 900 km2). While the distribution is almost symmetric around the mean
in the first quarter, there is a definite increase in the frequency of low
flows in the remaining quarters of the year. Examples of synthesized low flow
periods are shown in Table 6. Assuming independence between the quarters, the
most critical period lasting three months with an average flow of 500 ft3/s
starts in summer with a frequency of 2/75; a six-month period with an average
of 1000 ft3/s also starts in summer with a frequency of 1/75; a nine-month
period with an average flow of 1500 ft3/s starts in spring with a frequency of
1/75. Such flows and durations have actually occurred in the 75-year record.
At present, the historic record has not been fully analyzed for its informa-
tion contents with respect to the beginning, duration and severity of
droughts. .

It is not possible to recognize, let alone to predict, the beginning
of 2 drought or any other of its characteristics. A drought is usually recog-
nized when we are in the middle of it. But even at this stage, svnthesis of
possible flow sequences and the use of the proposed models will help to oper-
ate through such periods.

Concluding Remarks

This overview is concluded by pointing out some critical areas where
enhancement of preseatly used methods will most likely result in improved
reservoir management.

- The amount of flood coantrol space to be filled at the end of the
flood period has an important effect on water quantity and quality
management later in the year. Enhanced weekly scheduling methods
will be especially helpful during the transition period (March to
May) to increase as much as possible the amount of water available
for later multipurpose use.

- Enhanced flood routing methods will result in more precise predic-
tions of flood crests at potential damage sites and of flood wave
travel through the system. Improved quantitative precipitation
forecasts will help to more effectively prepare the reservoir for
flood control. Enhanced daily and hourly scheduling methods for
tributary and main river reservoirs will produce schedules that
minimize flood damage at minimum loss to other purposes (power).

- Long-range planning for low flow periods can be assisted by synthe-
sizing critical flow sequences for several months into the future.
The scheduling methods can be used with these inputs to continually
update storage requirements for streamflow augmentation, energy in
storage, water quality, fish habitat and recreation needs.
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TADLE € Frequency of Low Flow Periods in the Holston River
Basin (Cherokee, 3428 square miles or 8875 m?)

Duration Average Flow Classes Average Frequency
Quarters of the Calendar Year Flow During Quarters Low Flow
12 3 L1123 Months £t 3/s 1000 ft 3/s rt 3/s
* 3 7970 2/3% ~2500 3/715
L 6 6L30 2/3,2/3 2500 /75
LA A 9 5010 2/2,2/3,0/1 1800 1/ks0
LA 12 Lk9o 2/3,2/3,0/1,1/2 1750 /4s¢C
* 3 L880 2/3 ~2500 €/75
.o 6 3530 2/3,0/1 1500 /715
*ow o 9 3330 2/3,0/1,1/2 1500 /75
R 12 LLgo 2/3,0/1,1/2,2/3 1750 /755
* 3 2170 0/1 500 2/75
* 6 2560 0/1,1/2 1000 2/75
) 9 L3Lo 0/1,1/2,2/3 1500 2/75¢
LA A 12 LL9C 0/1,1/2,2/3,1/2 1502 2/2250
* 3 2950 0/1 500 6/15
. ¥ 6 5430 0/1,2/3 1502 /75
LA 9 5250 0/1,2/3,2/3 1809 1/225
»r o % 12 LLgo 0/1,2/3,2/3,0/1 1500 1/1350

+ 2/3 neans that flow during this quarter of the yeer is between 2005 ani 3050 &= 3/s,
or about 2500 ft 3/s.



=347~

- The enhanced methods will be useful planaing tools to evaluate the
effects of operation policy changes on multipurpose reservoir opera-
tion. A case in point would be the testing of a modified flood
control approach that requires less storage reservation.

The operation of a reservoir system is rather uniquely determined by
its physical characteristics, the hydrologic regime of the basin and the
primary purposes it is designed to serve. Therefore, it is genmerally not
possible to transfer methods wholesale frome one system to the other. Also,
computational efficiency of computer programs requires that they be tailored
to the specific task on hand. But general concepts are not bound by these
limitations. In this sense it is hoped that some of what has been said is
useful to others interested in reservoir system operations.
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Abstract

Problems agsociated with the genmeral formulation of mul<ii-
objective dynsumic reservoir system control are discussed.,

A simple three-level hierarchiec structure is iniroduced

to overcome difficulties of imbeding policies and related
to uncertainties. Lower level models are nested into higher
level models. Real=-time control aspecta are also consider-
ed, Ag example for the Kapos River Basin, Hungsry, ia pre-
sented.,

l. Introduction

The optimal short-term operstion of multiobjective re-
servoir aystems has nowadays become a world-wide concern
both for academic c¢ircles and for practitioners. De-
cision makers need tools to operate their reservoir gystem
in an optimum, or rather, in the best manrer. On the other
hand it is still e challenging task for researchers to £ind
out optimal control strategies for multiobjective systems.
There is quite an amount of literature devoted to this aub-
ject (for water resources problema see Haimes =t al.,1974).
However, in the past few yesrs static cases, i.e. multiob-
Jective design, were mainly attacked. The reason for this

probably lies in the fact that for operational control
one has also to know the dynamics of the system in ques-
tion. So, beyond the prefereaces, inequality type con-
gtraints etc., one has to know explicitly what the dynamics
of the elements of water resources systems are. It means
that the dynamics is alao a constraining factor.

2., Short-term multiobiective control: in zeneral

The contirol problem for a multiobjective dymamic 3ys=-
tem can be formulated a follows: Find s control vector u
which simultaneously minimizes n objective functions, i.s.

mm{fi (@, 2), «.o £, (u, 5)} (D)
a
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where fi is the ith objective function of the system =z2nd
X is the vector of state variables representing <the be-

havior of the system. Obviously there are constraints im-
posed on the control functions; those which fulfill these

constraints are seid to be admissible:

uevu (2)

Obviously there are constraints on the state variables too.
These consiraints are given by the state equation

ax(t)
dt

= g (x(t), u(t), t) (3)

which represents the dynamic behavior of the system and by
other constraints imposed on the gtates, i.e.

x €X (4

Conasidering the ith objective the related objective func-
tion is generally in the form of

t
b ¢

£, (xow) = wy (&, + v, (xe), w(w), Dt (5)
tO

where tf is the terminal time of the control, w-i and ry
are certain coat functions. The cost function W, ex=
presses the importance of reaching a given terminal state
while T, measures the cogts aasociated wit¥h the tracking
of a given trajectory as well as with the eontrol effort.
The above control problem comsista of

= tracking control
- terminal control
- minimsl energy comntrol.
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In the objective vector (1) each function is expressed
in the form of (5). Generally there is no solutiom which
simultaneously minimizes the objective vector. (Jecessary
and sufficient conditions for the existence of a unique op-
timal control, that i3 called superiocr solution are discua-
Bed in Goodwin et al., 1975.) what is to be found, however,
is the set of noninferior, or Pareto optimal, solutions. To
find the noninferior solutions for this control problem is
extremely difficult even for deterministic systems. (Some
solution methodologies are diacussed in Salukvadze, 1974).
The problem becomes more involved when uncertaintiee both
in the state of the system and in the preference structure
unavoidable in water resocurces gysteums, are also to be con-
sidered. In this case the expected value of the objective
vector is to be minimized, i.e.

MIN B { £ (a, D)} (6)

subject to conatraints similar %o Bgs. (2), (3), (4) but
corrupted with some pcise processes, In short-term reser-
voir coperation a feed-back solution is socught in the form
of

s =1 t{z ()} (1)

where L atanda Zor the control law, In any feedback control
predictions are of vital importance. Since in short-term
forscasting/control problems uncertainties play essential-
ly an important role the above approsch is ¥o be reformi-
lated.
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2+ A bierarchic model strmciure for overstionsl control

Below a model structure is outlined shortly which is
of quite simple structure and yet gave sound results when
applied. With this approsch

« the generstion of the entire noninferior set is
evoided,

« 8 short-term policy cen be imbedded 1in<to a longer
one,

+« the different uncertainties can explicitly be
taken into account.

This model comsists of three hierarchically comnected
sub-models as depicted in Figz.l.

The first level model preforma the function of gene-
rating & priority list for the objectives and preferencas.

There are actually two possibilities here:

- Bither to fix a prefersnce ranking as a function of tize
for the objecti res, say flood comtrol,water supply, fish-
ing, recreation etc. (This obviously is not a model per
8e but is entirely due to the subjective decision of the
system operator and essentially is a lexicographic order-
ing =amongst the objectives for a given part /season of
the year);

- Or to set up a model for the long=-term statistical be-
havior of the reservoir system concerning different re-
source/demand atructures,

In this way the ergodic states of the system can be de=-
rived (Zguffa, 1979).
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The second lavel model determines medium-term (5-days,
10=days, or monthly) control atrategies. At this level a
static optimization is carried out concerning the one-in-
terval-ahead resource allocation. Local random disturban-
cies ars not considered here, deterministic policies are
derived., At this level the elements of a reservoir system,
i.8. reservoirs and chamels, are regarded aa far as their
gooperation is concermed. The model used utilizes a capaci-
tated network formulation. Pollowing Sizvsldason /1976/,
the decision making process is being simulated which con=
aists of two parts:

o determinatiorn of the medium-term strategies,
o« monitoring the system response

which follow each other in a recursive manner. The objec-
tives of the second level model are to match the "optimal-in-
the-long-run™ strategy (given by the rule curve) as well as
to minimize the deviation between the actual and the sao-~
~called idesl state of the gystem. Obviously some, at least
rough empiricel prediction for the fuiure inflowse is re-
quired at this atage. Sigvaldasaon’s zoning concept (op.
cit) is applied hore according to which the elewents of
the syatem are divided in to zones each of which corree-
ponds to a particular usasge/objective. The zones bound-

ed though these lower and upper limits can also be chang-
ing in time, Different operation modes are considered then,
such as:

« Inter-reservoir zonal operation,
e Relation between storage and flow violations,

e Inter~reservoir policies.

) If a violation of the rule curve given by the level-l
mcdel occurs then a penalty is assigned that is linear in
a particular zone but is piece-wige linear for the whole
region. With those penalties and flows into/from the zones
a gpecial linear(lP)model cen de set up, The important
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thing here is that the multiobjective problem ia reduced to
a single objective optimization using a parzmeteric type
approach. To ensure enough flexibility however, there ia
#till some room for including refined and quantified pre-
ferencea, This is dome through the choice of penalty coef-
ficienta. Then total penalty is minimized. The solution of
this medium-term optimization problem is obtained by the
out=of-kilter algorithm (Pord and Pulkerson, 1961).

The third level model determinea the short-term (ome
day or even real-time) control policies in such a way that
it metches the control strategy given by the level-2 model
and at the same time conaiders the random disturbances.This
model is slgo discrete and linear but now dymamic. The
short-term control model is based upon the state space da-
acription of .the processes involved. The objective funciion
is acalar-velued and is a quadratic form

tf-l

ain Jy= E{lli(tf)-gu §°+ t}:t Ll zCed-d |f 214- ud )| 22] } (8)

where t, is the terminal time of the control, 4 is the state
trajectory given by the level-2 model, ‘Qo' Ql and Q2 are,
respectively, cost matrices. Similarly to Eq. (5) this ob-
jective fumction also expresses tracking control (to the de-
sired state ¢), terminal control and minimal emergy control.
The constraints of the control problem are given by

i) +the dynamic state equation

x(t+1) = @ (t+1,t) x(t) + T (%) ult) + m(t), (9)

where ¢ (+) 1is the state transitionm zatrix expressing the
structural properties of the system, [M(+) 4is the control
transition matrix while w (+) ' 15 a noise process called

process disturbance
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ii) the measurement equation
2(t) = B(t) x(t) + x(¢) (10)

where z(t) is the vector of measurements concerming the
gtate variadbles, H(t) is the measurement matrix, while
¥(t) i8 sgain a noise process called measurement uncertainty;

1ii) the statistics of the disturbances;
iv) the initial values for the states;
v) Eq(2), i.e., the controls should be admissible.

Here again a feedback control is sought in the Zorm o7
2q.(7). Due to the linearity of the system we can take ad-
vantages of the separation principle (Ealman, 1961) which
states that the above stochastic control problem can be
separated into two problems, viz. 1) the estimation cf the
state veriables from noisy measurementa and 2) determin-
istic dymewmic programming performed on the estimated state
variables. The optimal feedback control is

u(t) = = L(t) [E (t/8) - 4] (11)
where L (.) 4is the feedback control gain matrix, X (.)

refers to the optimal atate estimation given by a linear
Kalmsn-filter.

4, Case Study: the Kapos Regervoir System

The above contirol methodology was used to determine
optimal short~term control poiicies 2or the reservoirs in
the Kapos Bssin. The EKapos River lies in southern Hungary,
ita catchment area is 3210 sq km. There are 29 existing re-
gervoirs in the basin snd 12 additicnal reservoirs are be-
ing plsnned to be established in the future. The objec-
tives of the existing reservoirs are as follows: flcod pro=-
tection, sgricultural, industrial and communal water supply
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and recreation. The discussed methodology was used to find
control policies for reservoirs above the city of Kaposvdr.
Pigure 2 ghows the configuration and the cspacitated net-
work formulation of the reservoirs. A8 an example Pig, 3
shows the ergodic states of Reservoir Topondr together with
the state trajectories resulting from the medium and short-
~%term optimal control. In this study two assumptions were
mede, namely it was agsumed that for the medium-term control
one-gtep-ahead runoff volumes are known at least with a 90
percent reliability and that an on-line measurement system
is attached to the basin. In other words the prediciion
part of the control was 3imulated.

It can be seen from Pig.3 that level-3 controel (s
forced to reach the gtate trajectory resulting from the
level-2 control considering in the meantime the local un-
certainties. This was achieved by assigning high elements
to the terminal control cost matrix-

S. Ccnclusiong

In this pasper a gimple hierarchic model structure wes
presented for the short-term control of multiobjective re-
servoirs. A priority list for the objectives and preler-
ences is beingz given by the level-l model. Level-2 model
generates the medium-term policies using quantified pre-
ferences of the decision maker. Level-3 model determines
the short-term dynamic contirol strategies.Here,stochastic
effecte are also c¢onsidered. Models of lower level hier-
archy are inbedded in higher level models. In such a weay
the multiobjective control problem is reduced to a series
of asingle objective optimization probleas.
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1. INTRODUCTION

The most densely populated and most industrial area of
Czechoslovakia is situated in the Odra River Basin. The mines,
power stations, chemical and metallurgy industries are concen-
trated in the towns of this drainage basin. The problems of
water resources management are the consequence of these conditions
which can be characterized by the following data: the density
of the population is nearly twofold and industrial production
is three times greater than the national averages. On the other
hand the natural water resources per unit of area form one third
of the national average.

2. WATER RESOURCES

Water resources of the Odra River Basin are limited for two
reasons. The first limiting factor is the hydrologic conditions
(the basic hydrologic data area shown in Table 1), and the second
reason is the poor water quality. The quality of water in the
lower parts of the Odra tributaries and specially of the Odra
River itself, prevents it from being used for demands created by

the national economy.
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Table 1. Hydrologic characteristics,

River Catchment Mean Annual 1-day Flow Max 1% Flow
Area kmZ2 Flow m3.s"1 m3.s-1 m3.s"”

Opava 2089 15.0 2.03 600

Ostravice 827 14,2 1.24 1150

Olse 1120 12.5 1.00 700

Odra 5840 55.8 5.77 2300

3. "™ULTIMODELLING™"

The growth of water demands for municipal supply, for in-
dustry, for recreation and flood control made it necessary to
design a water resource system, taking into account interrelation-
ships among different system components. An optimal operation
policy for the system was sought as the demands could not be met
by the individual, isolated water sources. VWhen the theoretically
determined optimal »peration policy did not make it possible to
meet water requirements with a required reliability, the necessity
to expand the system by additional storage facilities had to be
considered.

The analysis of water resource system expansion and deter-
mination of the operation policy was done by the application of
several different models in accordance with the precepts given
below:

(a) systems analysis of the problem should determine the
basic objectives of the system,

(b) different models compatible with these objectives
should be developed,

(c) the methods used in the development of models should
reflect the various premises, hypotheses and theories
concerning the system,
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(d) the water demands of the system should be transformed
into the inputs of the models; in different models,
the same demands should be used,

(e) the operation procedures developed by application of
different models should be comparable.

The following set of models was investigated:
3.1 Chance-Constrained Model I

In the preliminary investigation, a chance-constrained model
with a linear decision rule was used as it was developed for the
analysis of multipurpose water resource systems (for description
and application of the model see e.g., ReVelle, Joeres and Kirby
1969; Kos 1975). The linear decision rule of the chance-constrained
model used for the system of reservoirs éance, Moravka and Terlicko

‘was formulated as follows:

where Xi are the releases in the month i1 and reservoir k;

si-1,k aét storage values at the beginning of the month i (i.e.,
at the end of the previous month i-1) in reservoir k; and bi,k
are the parameters to be determined by the model. This chance-
constrained model was originally designed for minimization of
reservoir capacities necessary for some multipurpose demands,

with a given reliability.

In this case study, the formulation of the task was a little
different. The capacities of the total storages were given and
the maximum draft that could be delivered by reservoirs with a
given probability was the main aim of investigation. Therefore,
the problem was simplified, as the direct solution described by
Eastman and ReVelle (1973) could be used.

The results were not encouraging, as the draft (for 98%
reliability) was much lower than that used in current operation
policy. There were several reasons for this result. 1In the
chance~constrained model, the probabilities are given for each
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period (month) regardless of the other periods. The consequence
of this assumption is that each month of the year would have low
flows of the given probability of exceedance (reliability). This
is not generally true, with the exception of a very high corre-
lation between the values in the following months. This persis~
tence of drought in subsequent periods exists but it does not
last the whole year. The analysis of critical periods of the
observed data has shown that with a reliability of 98%, five to

seven months can be treated in this way.

There was another possibility to lessen the claim for such
high reliability each month. Then with the monthly reliabil-
ity of 90% (for the draft constraint) the carry-over reliability
of approximately 98% was attained.

The application of the deterministic formulation of the model
not for the really observed data but for a "representative sample"
constructed by the methods of synthetic hydrology was another
alternative possibility. 1In fact the probabilistic formulation
of the chance-constrained model with the linear decision rule is
based on the same principle but it takes no account of the relation
of reliabilities among the months. The model with this repre-
sentative sample t' kes this relation into account and has further
advantages. The original formulation of the chance-constrained
model is suitable for the resgservoirs with a one year cycle only.
On the contrary, reservoirs with a carry-over potential can be
treated by this representative sample model when the length of
the cycle is two or three years. For longer periods, this method
is not suitable. Therefore it was used for the current system
which included the reservoir 8Sance with some carry-over potential,
but it could not be used for the enlarged system with the Slezska

Harta reservoir (see Table 2).

A further problem of the chance-constrained model application
with the linear decision rule, was connected with the main purpose
of the system. The linear decision rule is suitable for the case
when water can be offered to the users according to the storage
capacity of the system. The only user that is able to use the
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Table 2. Reservoirs of the Odra River W.R.S.

Reservoir  River Mean Annual  Storage mil. m3
Flow m3.s” Total Active Relative

Kru’berk  Moravice 5.95 35.6 20,0 0.11
Sance Ostravice 3.1 54,2 45,8  0.47
Moravka Moravka 1.77 10.1 4.4 0.08
Zermanice Lufina 1.15 20.1 18.5 0.51
with transfer of water 3.57 0.16
Térlicko Stonavka 1.14 24,3 22.0 0.6
Ole3nd Olesni 0.52 4.3 3.0  0.18
Slezska Harta Moravice 5.35 210.0 200.0 1.19

amount of water above the constant yield is the use (for environ-
mental purposes), for improving the water quality by dilution.
However, the water quality of the lower part of the Odra River

is poor, and the effect of dilution is so small that it can hardly
justify this aim. Therefore, the results of the chance-constrained
Model I (i.e., the model with the linear decision rule) were
considered as an informative tool and in the final decision

analysis they had a lower degree of importance.
3.2 Chance-Constrained Model II

The chance-constrained model that can be used without the
linear decision rule was derived by Curry, Helm and Clark (1973).
This model is, however, more complicated and the calculation more
time-consuming. The output of thig model does not consist of the
parameters b like in the chance-constrained Model I, but it is
formed by the draft wvalues.

In application to operation policy design, this model was a
little cumbersome. It led to a linear program of a prohibitive
size for the computer used in this case study when 40 years (i.e.,
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480 monthly periods) were used. Further, the same objection
applied, as in the case of the chance-constrained Model I. The
values of the releases were variable but the demand was nearly
constant. Therefore this model had to be modified according to
the conditions of the Odra River water resource system.

The system of the reservoir Slezska Harta was analyzed
initially by the method of synergism with the deterministic
simulation model (see below). This simulation was used for the
determination of the stochastic variation of the draft of the
reservoir Slezskid Harta. The overall demand of the system was
constant but the draft of individual reservoirs differed according
to the method of synergism. As the reservoir Slezska Harta is
the main reservoir of the expanded system, the maximization of
the constant part of the draft produced by this reservoir was
the principal task of this model: therefore, the chance-constrained
model with stochastic demands and with maximum constant draft
was used. Then the formulae for the model were simplified and
the values were calculated from the following equatiqQns (Kos and
Zepan 1976):

n
s = max(2 (1B x - g_(1-p)))
T 1-E
where S is the storage necessary for the constant part X of the
draft with given reliability p; E is the coefficient of monthly
losses (e.g. for 1% losses E = 0.99); and 9n is the quantile of

the convolution distribution of Zn where

n .
= n=3 -
zZ, 5 E .(Ij Dj)

J=1
where Ij is the inflow in period j and Dj is the stochastic part

of the draft (demand of the system cooperation).

For given values E and p, the storage S is a function of X:
S - £(X). As the inversion function X = f-1(s) cannot be expressed

analytically, a numerical solution of this equation was used.
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3.3 Simulation Models

The deterministic simulation model using the observed monthly
flows (the period 1931-1970) was the basic model used for the fol-

lowing purposes:

(a) for determining the claims of the system on the sto-
chastic part of the Slezska Harta draft {input for the
model described in 3.2),

(b) for verification of the results (namely of the operation

policy) developed with application of other models.

The stochastic simulation model was the main tool applied
for analysis of the water resource system in the Odra River Basin
and for the design of its expansion. Therefore, it is discussed

in greater detail in Section 4.
3.4 Maximum Release Model

This model was used by Kos (1979). The results concerning
the draft were very close to that of the chance-constrained
Model I (for maximum draft and direct solution). However, the
flood control objective was met with higher reliability in this
model. Therefore, the conclusion that this model is preferahle
to the other model compared is obvious. The problem is, however,
in determining the operation policy in keeping with this model
which is practicable. The reservoirs in the Odra River catchment
are situated in the upper part of the river catchments. There-
fore, they control a smaller part of the drainage basin. On the
basis of the flood damages that could be prevented by reservoirs,
the relatively lower degree of the importance of flood control by
reservoirs was determined. In the chance-constrained model, this
lower degree can be reflected by lower reliability in the flood
control constraint. The release maximum model gives the same im-
portance to flood control and other purposes. Therefore, the
boundary conditions it offered and the results were considered
in the final decision analysis as information concerning the

limits.
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3.5 Flows in Network Models

The water resource system of the Odra River was recently
given new impetus for investigation. It was necessary to meet
some new industrial demands before the enlargement of the system
by the Slezska Harta reservoir. The system is interconnected by
many industrial pipelines which ensure that two or three sources
can be used in case of hydrological or operation failure. This
network of pipelines can be used not only for factories and
metallurgy buc for the purposes of water resource system develop-
ment too. The best way to reduce the probability of water supply
failure until the reservoir Slezska Harta can be operated is
studied by the method of flows in networks. Such tasks as the
maximum permissible flow, the flow of minimum costs, etc., are

investigated. The preliminary results are promising.
3.6 Application of Game Theory

This part of the investigation uses a different approach.
The assumptions of the models mentioned can be fulfilled when
the users act in accordance with the derived operation policy.
However, in some cases, there is no legislative means to force
the users to do this. The consequences of their real behavior
were tested by app ication of the non-antagonist cooperative
game and non-cooperative game theories. The results have shown
that the behavior of some users will not have a substantial in-
fluence on the system, while others can lower the reliability

of the system in critical periods.

Therefore, the attention of lawyers concerned with the water
resource systems in question was focused on the second group of
water users to come to an agreement for modification of the

current water rights.

4. THE SYNERGISTIC MODEL

As the basic method for the design of the operation policy
of the water resource system in the Odra River Basin synergism
(for this term and method see Hirsch, Cohon and ReVelle 1977)
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with the stochastic simulation model was used. This method re-
quires the least simplification, and investigation of the critical
periods with deficits in water supply is possible. This method
enables unification of the design of the system with operation

policy determination.
4.1 Main Elements of the System

The main elements of the system consist of the reservoirs,
the diversion canals, the water treatment stations, the network
of main pipelines, the water demands, the flood control measures,
and the recreation facilities. The principle data on the res-

ervoirs are given in Table 2.

The subsystem of the public water supply of the city of
Ostrava and its suburbs has the following reservoirs: Kruiberk,
éance, Moravka and the planned reservoir Slezska Harta. The

industrial demands are represented by

(a) metallurgy (water is supplied mainly from the reservoir
2ermanice),

(b) the ironworks (the river flow regulation of the Ostravice
River by the Sance reservoir and of the olde by the
reservoir Térlicko),

(c) the thermal power stations,

(d) the water resource subsystem of mines.

Flood control storage in this model was considered as the con-

straint given by previous models.

The hydrologic input was formed by the monthly synthetic
flows for 500 years in the system of gauging stations. The geo-
graphical conditions of the system required a special combination
of synthetic flows generation. Approximately one half of the
system is situated in the area of the Jeseniky Mountains and the
rest in the area of the Beskydy Mountains. These two mountain
ranges have different geological structures and different expo-
sure to the direction of wind. The hydrologic regime of these
two catchments is different too. Therefore, the monthly data in
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the two stations were generated by the method of principal com-
ponent analysis (i.e., for Kruzberk in the Jeseniky Mountains and
Sance in the Beskydy Mountains) the other monthly flows were
generated by the method of central and satellite stations (see
Fiering 1962). The three-parameter logarithmic transformation

of the monthly flows was used. The additive parameter in this
transformation was carefully analyzed as it has a decisive in-

fluence on the operating procedure (Kos 1969).

The Ostrava's public water supply subsystem is such that it
is technically possible to provide for cooperation among the res-
ervoirs (connection by main pipelines, the arrangement of the
reservoirs, etc.). The isolated design of reservoirs for the
municipalities is often done for a constant draft. 1In the water
resources system, the reservoirs can be operated for a variable
draft determined in such a way as to meet the constant total
demand for the whole water supply subsystem. The principle
behind this method was called synergism by Hirsch, Cohon and
Revelle (1977).

The effect of synergism is dependent on the hydrologic regime
of the reservoirs. These authors state a substantial gain from
daily operation of three reservoirs but not for the monthly
operation. The reservoirs in the water resource system of the
Odra River drainage basin have different regimes as they are in
two geographical units and because they have different relative
storage (defined as a ratio of the active storage to the mean
annual runoff). Therefore, an operation policy with the monthly

flows was sought to maximize the effect of cooperation.

The operation policy is dependent on the hydrologic regime,
the capacities of the main pipelines and on the capacities of
the water treatment stations. The relation of hydrologic regimes
can be characterized by the coefficient of correlation between
the annual flows and corresponding monthly flows in the gauging
stations compared. The less these coefficients are, the higher

the effect will be due to the asynchronic hydrologic regimes.
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The first step for determining operation policy is the
division of the reservoirs into groups according to the length
of their critical periods (release-filling periods). For instance,
the reservoir Slezska Harta has a long-term carry-over potential
(operating cycle or critical period 4-10 years), the reservoir
dance a 1-2 year critical period and the reservoir Mordvka has a
critical period of several months. Therefore, the reservoir
Slezskd Harta was classified as a long-term reservoir and the

N v .
reservoilrs gance and Moravka as seasonal reservoirs.

During the operating cycle of the reservoir Slezskd Harta,
two or three operating cycles of the reservoir éance can be closed,
as well as several in the reservoir Moravka. Due to asynchronic
hydrologic regimes of flows the critical periods do not coincide
and therefore the draft of the reservoir with carry-over can be
in some periods reduced and the seasonal reservoirs can be used
up to the maximum technically and operationally feasible extent.
This maximum is limited by the capacity of the treatment stations
and mains. The total capacity of treatment stations should sur-
pass the sum of the constant drafts. Otherwise cooperation would
not be possible. The value of the difference between these two
values is an economic problem. It was solved by the minimization
of the total costs for the demanded draft.

The principles of synergism used in the operation policy
are as follows: For each seasonal reservoir the rule curve has
been determined taking the reliability and the draft that can be
secured by the isolated function of the reservoir as input values.
These rule curves divide the active storage of the reservoir into
two parts. The lower part (under the rule curve) determines the
storage that is necessary for the constant draft with a given
reliability. The second part (above the rule curve) can be used

for the cooperation of reservoirs in the system.

For the reservoir with a long-term operating cycle (Slezska
Harta) the rule curve is not determined. Its operation policy
is more complicated as it covers the rest of the system's demands.
The principle of this operation (see Zeman 1978) is given by the

flowchart in Figure 3.
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the effect of the system, i.e. the draft increment

Flowchart of reservoir cooperation,
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The total draft of the system of reservoirs is equal to the
sum of the drafts of isolated reservoirs, plus the increment of
the draft of the reservoir Slezska Harté, i.e. the reservoir with
the long-term operating cycle. This increment is the effect of
the operation policy in the system. The value of this effect was
approximately 0.5 m3/s, that is approximately 7% of the total draft.
The sum of the isolated drafts was approximately 7.3 m3/s’ i.e.
2.0 m3/s from Zance reservoir, 0.5 m3/s from Moréivka reservoir
and 4.8 m3/s from the cascade Slezskd Harta-Kru¥berk. The total
draft in the system was 7.8 m3/s.

In designing the operation policy of the cascade (reservoirs
in series) Slezsk4 Harta-Kru¥berk the primary aim was the delivery
of water for public water supply and the secondary aim was flood
control, power production, recreation, etc. For fulfilling the
primary aim, the water quality problem should be solved. There-
fore water for public water supply has to be delivered from the
reservoir Kru¥berk with the following operation policy: The
releases should be from the reservoir Slezska Harta till its
active storage is completely used, and then they should be ef-
fected from the reservoir Krufberk. Then the water level in the
reservoir Kru¥berk has to be kept constant as long as possible
and water can be withdrawn from the deeper layers of the best

water quality.

The determination of the rule curves for the reservoirs
gance and Mordvka was dependent on the demands of industry for
the river flow regulation downstream of these reservoirs. Never-
theless, the rule curves were determined (by a heuristic approach
with the knowledge of the current operation) for higher reliability
of the water supply to the public (97-99%) and lower for industry
(95-97%) .

In this model the reservoir Térlicko makes up part of the
second subsystem where the delivery of water for industry and
recreation were considered the prior aims. This determination
will be possible in the water resource system expanded by the
reservoir Slezskd Harta where the need to maintain the water level
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for recreational purposes will be higher than in the current system.
The multipurpose aspect of the system will thus be strengthened

by the Slezskd Harta reservoir's operation.

The multipurpose objectives used in the design of the reser-
voir Slezskd Harta took into account purposes other than those
mentioned. These purposes were expressed by the following cri-
teria: the marginal costs of one unit of the draft, the total
costs, the total draft, power production, quality of water en-
tering the treatment station under the reservoir Kru¥berk, flood
control, the influence of the reservoir on the environment, the
reliability of the draft and operation till the reservoir is
filled for the first time, conditions for the further development
of the water resources system, the attitude of policy makers,
construction problems (geological conditions) and the number of
people to be relocated.

The design of the optimal range of the reservoir capacity
was done by the method of decision analysis with the application
of Fuller's method, independently by ten experts. Then the

results were summarized and processed by the Delphi method.

The result of this investigation was the non-inferior range
of the reservoir capacity (190-230 million m3). For planning
purposes, the mid-point (210 million m3) of the range was deter-

mined as the resulting value.

The water resource system of the Odra River catchment is an
example of the practical application of the systems approach to
water resources development, with the utilization of operations

research and simulation models in combination.

5. CONCLUSION

The investigation of the water resource system of the Odra
River catchment has proved the need for a link between the the-
oretical approach and applied systems analysis. In models,
reality is necessarily simplified: therefore, theoretical models

of water resource systems have some drawbacks and some advantages.
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These are revealed during practical application. Operation
policy determination then, is the crucial point of the art

and science of the design of water resource systems. The limi-
tations and constraints of model application demand that the
model be tailored to the specific case and the modification of
general methods is often necessary.

A number of methods have been developed for the design of
multipurpose water resource systems and policy determination.
However, these individual methods do not offer a comprehensive
solution to the problem.

In the water resource system of the Odra River basin, the
method of multimodelling was an attempt to apply the systems
approach. The different models, namely a combination of the
stochastic simulation model with synergism and the chance-
constrained model, the model of flows in networks and the theory
of games with subsequent verification by the simulation model,
were the most suitable methods. These offered the best results
for a practical operation of the system.
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SUMMARY

Technology transfer, 1.a. the rate at which research results are tested,
adapted, and adopted in practice, 1s discussed with speciél refarence to the
use of systems analysis in the operation of multiple reservolr systems. Fol-
lowing comments on the difficulties of technology transfer, & particular ap-
proach towards stimulating it is discussed, namely an especially designed
workshop. The structure of this workshop 1s outlined.

I CONTEXT

Systems analysis, a new field of study based on a synthesis paradigm, did
start its explosive growth nearly two decades ago. This growth was brought
about by the confluence of several important developments. Among these were,
and for that matter still are: (a) concern about environmental resource de-
pletion and/or degradation (representing a major social development); and (b)
the rapid evolution of computers(representing the most influential technologi-
cal development of this century) together with their frequent use in management
and control.

As an intersection of these two developments, "systems analysis in water
resource management" has been a widely supported field of study from the outset.
However, the fruits of this support, i.e. the return on research investments,
remain very difficult to identify. Recently this low return has been called
a problem in "technology transfer." For our purposes we will define this
somewhat 111-chosen terminology as follows: technology transfer is the rate
at which research results are tested, adapted, and adopted in practice. Both
the manifestations and the nature of the technology transfer problem associated
with the use of systems analysis in water resource management will be discussed
briefly. This will be followed by a description of one of the efforts that are
underway to contribute something to the problem's resolution.
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I1 ILLUSTRATION

Sensitivity to the problem of technology transfer on the part of the writer
dates back to the mid-sixtfes when completing an operations study for a system
of four reservoirs. Three of these reservoirs were under construction and the
fully designed fourth one, located at the edge of a city, was in various stages
of being approved when it became a source of conflict. A cpalition of environ-
mentalists (decrying the "rape' of natural rivers), of farmers (fearing less
than full compensation for their land), and conservative city dwellers (opposed
to further increases in planning and in amenities paid from taxes) battled a
coalition of recreationists (the city had no outdour recreation within 100 km),
land developers (visualizing new housing around the reservoir), and business
leaders (hoping for "growth").

The writer offered to build a simulation model to show any interested
party the flood control, water supply, and recreation effects by having or not
having the fourth reservoir. In addition, a search was made for the optimal
operating rules for both the three reservoir and the four reservoir system.
The purpose of the study was to "produce a superijor arrangement of information"
that could aid "the decision making process." Today such a study is called a
"systems analysis."

Despite fairly adequate circulation of study results including a radio
inverview and the publication of pretty graphics of reservoir fillings and river
stages, the study results had zero effect on the final decision. Simplistic,
often irrelevant arguments were used in a fight that environmentalists won.

At best some coalition members of both sides pulled an incidental study result
out of context and used it to support already adopted positions. This illus-
trates that an implicit assumption of many systems analysts, namely that
their well-studied information will increase the rationality of decisions, can
be questioned.

Was a real-life political decision making process the right depository for
systems analysis results? Would it have been more appropriate to only share
the study result with the Government Agency that had proposed and would actually
operate the above reservoir system? Certainly fellow-engineers of the agency
involved in reservoir planning and operations would be more receptive and find
the study of some aid in their work.
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As 1t turned out, the study results and novel methodology reports went
right to the agency's bookshelf and had no effect on their operations practices.
Was then the computer simulation model too simple and therefore not useful to
the reservoir operators? Probably, although this was never tested. Were the
operatfons procedures in use already close to optimal? Perhaps, although a
proof was never sought. Assuming that near-optimality exists in reservoir
operations, should one not direct systems analysis at the truly complex problems
and seek to couple engineering models to sociological and ecological ones?

It 1s 1ikely that this will decrease technology transfer. The exhaustive
SCOPE studyl’conc1uded that decentralization in decision making causes that
only at the operations Tevel (where the focus is on "single-purpose use of a
single resource") modeling is a major management tool. This brings us back to
engineering and engineering-economy models as the more promising area of
systems analysis and as a fruitful area to study for the presence or absence
of sufficient technology transfer.

IIl PRCBLEM MANIFESTATION

Water systems management and planning research would seem to be a healthy
enough member of the systems analysis research family. The numbers of related
research projects, committees, meetings, publications, and participating discip-
Tines are still growing. Indications are, however, that a mismatch has devel-
oped in the rate at which research results are produced and the rate at which
they can be absorbed in practice. Among those indicators are:

(a) studies and symposia whose only concrete result is the recommendation to
have more of the same;

(b) repeated calls for systems analysis case studies;

{c) 1increased production of models beyond any reasonable availability or,
more serifously, beyond possible measurability of required data;

(d) models whose use would be many times more expensive than the practical
solutions in current use;

(e) publication of models that are unvalidatad, untested, and barely related
to real world water resource management;

(f) continued entry of researchers who are unfamiliar with water systems
features and/or water resource planning and management practices.

l)SCOPE (Scientific Comm. on Problems of the Environment): "Envirormental

Modeling and Decision Making, the U.S. Experience,” Holcomb Research In=-
stitute; Praeger Press (1976)
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IV NATURE OF THE PROBLEM

One way to characterize the situation is by stating that the research
supply exceeds the demand. Reasons for the apparent poor coupling of supply
and demand are not difficult to identify. Established research agencies rather
than users tend to pay for water management research. Such agencies commit
funding to multi-year goals. Introducing a corcollary to Parkinson's law that
"work will fi1l all available time", namely the rule that "research will use
all available funds", the stage is set for overproduction of cartain types of
research. Furthermore, and more specifically: without well-designed constraints
on project objectives (academic) researchers are 1iable to disregard the pur-
posive nature of systems analysis. References to "decision makers" and the
"decision making process" become mere code words to legitimize the pursuit of
what is both relevant and least time-consuming to the investigator. Of para-
mount interest to many researchers is the perpetuation of their particular
studies through a continuous cycle of needing new data to test models or
methodology and needing new models or methodology to describe the collected
data. To be sure, this is well within the scientific tradition which asserts
that science is entitled to its internal goal, namely the unfettered pursuit
of science. Whether this goal should ever be central to systems analysis may
be questioned serijously.

Rephrasing one may say that new fields of research (e.g. water systems
management), given continued funding, will tend towards a selection of internal
goals. They grow in a feedback fashion with current research defining new
problems and new problems stimulating more research. This growth continues
until funding levels for the type of research in question are reached. With
reference to reservoir systems management, this feedback is represented sym-
bolically in Figure 1 by the 1 + 2 relation and by the resulting cycle I.

Turning to the demand side (i.e. to the agencies that manage reservoir
systems) a similar tendency towards self-sufficiency and the selection of in-
ternal goals is found. Operating staffs will adjust initially designed reser-
voir operating rules in response to what they learn about: (a) the physical
river system behavior (including changes induced by the reservoir and their
release rules); and {b) the demands exerted by interest groups (owners of
flood-prone land, recreationists, power users, irrigators, etc.). In time these
changes become irstitutijonalized leaving little in the way of policy space.
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Also budget and personnel are then reduced to match tasks that may become in-
creasingly routine. This tendency towards self-sufficiency and a dominance of
internal goals {s represented in Figure 1 by the 3 Z 4 relation forming a self-
sustaining cycle III. 1Its persistence derives from the understandable pursuit
of agency preservation objectives as well as the institutionalization of reser-
voir operations rules.

Without measures to stimulate researcher-practitioner dialog or collabo-
ration the normal lack of communication tends to persist and with it the problems
of Tow effectiveness of research expenditures and, at the same time, a persis-
tence of antiquated operating practices.
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Y SOLUTICN APPROACHES

In order to couple supply (of reservoir systems research) and demand (for
improved field operating procedures) two types of exchange are needed, namely:
(A) sufficiently generalized practical problem statements, and (B) models that
are properly validated and adapted. Achievement of either one requires colla-
boratfon between practitioners and researchers. Symbolically the coupling may
be represented by the cycle II, i,e. 2+ B8 + 3 + A + 2 in Figure 1.

Unfortunately the relatfon 2 7 3 is not a natural interaction so that the
applied research cycle Il 1s not self-sustaining. The sharing of detailed oper-
ational experience to achieve the transfer of practical problem statements
(3 A+ 2, Fig. 1) represents a time consuming communications problem that
competes for resources with the intermal tasks of both the operating agencies
and the research community. Furthermore, from a bureaucratic point of view
a practitioner may have little motivation to share information that may lead
to a c¢ritique of routine practices he designed to minimize critique and change.
Likewise researchers have little interest in investing time in obtaining in-
formation that may hopelessly complicate their models or that might show in-
teresting work on methodology to be irrelevant in practice.

Similarly, researchers tend to see the validating and adapting of models
(2+B+ 3, Fig. 1) as a seemingly less productive effort in that it does not
lend itself to generalization and can require substantial but routine data
management efforts. And from the practitioner's point of view adapting new
methods requires a considerable effort to obtatn needed resources while running
the risk that the new models will represent little or no improvement. Es-
pecially troublesome can be that proposed methods tend to disregard legal and
administrative givens. Their formulators often assume conditions whose estab-
1ishment would demand revolutionary changes in established routines rather than
more acceptable incremental, i.e. bureaucratic adjustments.

Clearly it requires special effots to generate and sustain technology
transfer, symbolically represented as the cycle Il in Figure 1. Among the
available approaches are:

{a) publish and read more reports and papers on reservoir operations,
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(b) organize seminars, short courses, and workshops on reservoir operations,

(c) create a systems research group within the water agency,

(d) purchase applied research from an outside research group,

(e) have research funding agencies include technology transfer as a required
component of water management research proposals,

(f) exchange personnel between research organizations and water agencies.

Each approach has its strengths and weaknesses, its time constant as well as
appropriate timing. No singie approach is best under all conditions. Rather
some program that rotates and infegrates elements of these approaches is 1ikely
to be optimal. Even then much depends on competence and leadership qualities
of those involved.

In considering a program to increase technology transfer in the area of
reservoir systems operations a fundamental difficulty should be kept in mind.
This fundamental problem discussed above is that institutionalized objectives
(1 and 4, Figure 1) effect a closing of the cycles 1 (research) and III (prac-
tice) at the expense of the cycle II (technology transfer). Consequently it
will be necessary to achieve adjustment or a broadening of objectives (6 + 1;
5 » 4) so as to include contributions to technology transfer among its goals.
Now a change in objectives does require substantial motivation, commitments,
and the exercise of influence. For this reason the writer concluded (in 1976)
that the most effective approach would be to bring together the leadership in
reservoir systems research and in the operations branches of principal water
agencies for a structured, intensive exchange of views. The most feasible
vehicle seemed to be a workship. Proposals to organize such a warkshop found
acceptance (IIASA Workshop on Operation of Multiple Reservoir Systems, Jodlowy
Dwor, Poland, May 28-June 1, 1979; J. Kindler, Chrm.; ASCE-OWRT Workshop on
Reservoir Systems operations, Boulder, CO, USA, Aug. 14-17, 1979; G. H. Toebes,
Chrm.). At this stage only a few comments are possible on the structure and
preparations for the Boulder conference, since it is yet to take place.
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V1 ORGANIZATION OF BOULDER WORKSHOP

The majority of the practitioners and of the researchers invoived in
reservoir operations share a civil engineering background. It was logical
therefore to work towards a workshop via the well-developed technical com-
mittee structure of the American Society of Civil Engineers. Definite plans
for a "National Workshop on Reservoir Systems Operations" were made at a
1977 meeting of the Water Resourcas Systems Committee of the ASCE Water Re-
sources Planning and Management Division.

The immediate objective of the National Workshop {is to bring together
analysts and practitioners of reservoir systems operations for an intensive,
carefully structured, participatory exchange of information and views. Long-
range objectives included:

(a8) 1increase researchers' knowledge of reservoir systems features, of oper-
ating procedures in current use, and of the {institutional constraints on
operational changes.

(b) provide practitioners with an opportunity to compare their operations
practices with thosa of other reservoir systems with a view towards
assessing the utility of newer analysis methodologies.

(c) promote the best possible adaptation of reservoir aperating procedures
to implement present-day and anticipated future water management goals.

As to the organizational approach, a 25-member Task Committae was formed
composed of the potential direct contributors to the National Workshop. Ouring
its first meeting the Task Committee refined the original organizational sug-
gestions, to read as follows:

(a) the workshop should be organized around selected case studies.

(b) sufficient case study detail should be presented in the form of techmical
exhibits bearing on current operations practices.

{¢) multiple views should be developed for each selected case study, namely
an administrator's, and analyst's, and a user's view.

(d) participants of the by invitation only workshop would all be expected to
actively contribute to the analysis, the debate, and a synthesis of views
of the case studies and the broader issues they will represent.

(e) several tutorials would be used to ensure that all who attended could share
some basic systems concepts and mathematical programming terminology.
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In view of the somewhat novel format of the Workshop it was decided that part
of the second meeting of the 25-member Task Committee would be given to a trial
presentation of one of the major case studies as well as to two of the didactic
tutorials. This proved useful in somewhat adjusting the approaches of the
Workshop presentations which each of the Task Committee's members planned to

It confirmed the wisdom of attempting to form kaleidoscopic descriptions
the user, and the administrator) of the

give.
{using presentations by the analyst,
case study systems.

The two Task Committee meetings proved essential in arriving at commitments
to contribute to the Workshop. Helpful in this regard was a 4-member Qverview
Committee composed of a high level administrator from each of the three major
water management agencies providing the case studies and one representative of
the research community known for his effective commitment to technology transfer
efforts.

Another essential ingredient in arranging the Workshop was financial support.
The Task Committee chairman prepared a Workshop proposal for the Qffice of Water
Research and Technology, a national research funding agency for water resources
It was funded and permits selecting the Workshop'’s participants who
attend by invitation only.

research.

MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY
AUGUST 13 AUGUST 14 AUGUST 15 AUGUST 16 AUGUST 17
DAY 0 oAy 1 DAY 2 oAY 3 DAY 4
=
Exhibitors to Registration,
arrange exhibits | Opening W.S. Case A-1 Case A-3
in place; Tutorial A :l::?;z
installation and Tutorial 8 Case 3-1 Case 8-3
tasting of Tutorial ¢
terminals Tutorial 0
- - Selleck - -
Exhibitors to Tutorial £ Case A-2 P Meeting
arrange exhibits Tutorial F ;rt\:sec:b:ﬁ;b;ts. Editorial
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FIGURE 2 = LAYOUT OF BOULDER WORKSHOP ON RESERVOIR SYSTEMS OPERATIONS
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A schematic Tayout of the Boulder Workshop is given in Figure 2. Morning,
afternoon, as well as evening sessions are being planned. There will be three
“major® case studies (A-1: Central Velley Project; A-2: Arkansas Project; A-3:
TVA System) and three "minor" case studies (B-1: Columbia System; 8-2: Lower
Colorado System; B-3: Duke Power Company System. The tutorials cover:

A - Systems Analysis history and terminology; B - Classification of Reservair
Systems; C - Data for Reservoir Operations; D - mathematical programming; E -
history of systems analysis in water resource management; F - uses of systems
analysis in water resource management. The exhibits will support nine working
or study groups (2 groups per A-study; 1 group per B-study) in their debate of
the case studies. The working group recommendations i{n the area of technology
transfer will be formulated during study meetings and report writing sessions.
Finally these will be heard and, hopefully, synthesized by a panel during a
plenary session,

If letters from invitees whose schedules do not permit attending the
Boulder Workshop are any indication, the selected format and topics are meeting
with general approval and are generating a definite expectation that they will
contribute to technology transfer in the area of systems analysis and operation
of multiple reservoir systems.
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The purpose of this workshop was to present and evaluate
the methodological background for real-time operation of mul-
tiple reservoir systems. Seventeen papers, including a number
of case studies, were presented during the workshop, illumin-
ating experience gained in 13 countries in the field of multiple
reservoir management.

The general impression derived from the workshop presen-
tations and discussions was that there is no sufficiently clear
systematic approach to methodological problems associated with
the operation of multiple reservoir systems. This situation can
create difficulties in mutual understanding, even between people
working on similar problems. The main methodological questions
linked with the practice of multireservoir management can be
eventually grouped in the following way:

(1) methodology of water resources development planning;

(2) development of operating rules (or guidelines) aimed at the
long-term operation of multiple reservoir systems;

(3) elaboration of methods for real-time (in some cases on-line)
operation of such systems.

The majority of the papers presented at the workshop were
devoted to the last two topics. Some authors, however, also
touched on methodological problems of water resources develop-
ment planning.

The discussions at the workshop were organized around a
number of questions formulated by the Organizing Committee, on
the basis of participants' proposals, including the following
problems:

o What is the nature of interaction between system ana-
lysts and decision makers in a multiple reservoir system?

o Institutional aspects of decision-making processes in a
multiple reservoir system;

o What kind of methods, models and other technigues may be
used for reasonable operation of planned or existing mul-
tiple reservoir systems?

o Research needs and the role of control theory methods
in the operation of multireservoir systems;

o Methodology of definition, identification and dquanti-
fication of water resource systems objectives.

A summary of the results of the discussions at the workshop
is presented below.
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Systems Analysts and Decision Makers in Water Resource Systems

There was general consensus that there is a need for closer
interaction between water resource systems analysts and decision-
makers. In most cases, multiple reservoir systems are extremely
complex and very often there is no single decision-making body
responsible for their operation. As in other cases, system
analysts should provide the decision makers with methods and aids
which enable them to make proper decisions on the basis of:

o Knowledge of the state of the system under consideration
(hydrologic conditions, volume of water stored in reser-
voirs, water demands, etc.);

© Forecasted water resource supply and demand;
o Estimated consequences of possible decisions.

In many cases, the most useful aids for decision-making
purposes are models or sets of models, which provide the
decision makers {(e.g., reservoir dispatchers) with some infor-
mation concerning the future behavior of the system. However,
the workshop participants were of the opinion that in most
practical situations, and in particular, during critical oper-
ating periods such as droughts and floods, there is a need for
close interaction between model builders and system operators.
It was also stressed that in many cases, particularly for multi-
purpose water resource systems, decisions are usually based on
subjective impressions and judgments. In such situations, models
should simply provide timely and reliable information for
decision making, e.g., information on the consequences that would
result from the application of a set of possible control decisions,
and in a format easily understood by the decision maker.
It was also stressed that the evaluation of recent operating
practices may lead to useful conclusions concerning future de-
cisions and may help analysts develop models more acceptable to
the decision makers.

Institutional Aspects

Several problems arose when the discussion turned to ana-
lyzing institutional aspects of the decision-making processes.
Special attention was paid to the degree of decentralization
necessary in decision making and operation. It was realized that
there are usually several levels and types of decision-making
authorities including water users, local or regional water
authorities, and governmental bureaucrats or politicians. 1In
many cases there are several organizations which have jurisdic-
tional authority and responsibility in multipurpose, multi-
reservoir systems. When these organizations act separately, it
is usual to use a task force or committee approach to decision
making, in particular during critical operation periods such as
droughts or serious floods.
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In cases when there are several institutions involved, but
when an effective organizational structure does not exist, it
may be necessary for system analysts to provide arguments and
guidelines for demonstrating the advantages, possibilities, and
effects of the institutional restructuring.

The problem of centralization or decentralization in the
decision-making processes was not clarified sufficiently in the
workshop papers. The conclusion was that the change to a more
centralized decision-making structure could lead to a more ef-
ficient use of resources, but may not be costless or "optimal"”
in a more general sense. The question of automation in water
resources management was also touched on during the discussion
and it was generally agreed that complete automation is in most
cases undesirable. In the case of extreme hydrologic events,
manual monitoring and interventions in the systems' behavior is
desirable and must be possible.

Methodology and Multireservoir Management

An extended discussion was held on methods and aids neces-
sary for reasonable operation of multireservoir systems. It
concentrated around the question: what types of modeling ap-
proaches are best suited to specific reservoir systems or oper-
ational problems. The answer to this question cannot be given
in a straightforward fashion and many aspects of the modeling
activities have been considered by the workshop participants.

The dominating impression was that the existing modeling
techniques are still insufficient and that there is a need for
improvement and development, both for planning and dispatching
purposes.

One of the most interesting problems discussed focused on
the type of operating rules used for operation of multireservoir
systems. Two different approaches were suggested:

o application of fixed (predetermined) operating rules
to determine water releases from the reservoirs as a
function of preselected state variables,

o application of elastic methods of operation when opti-
mization and/or simulation models are used during the
decision-making procedure.

Most of the workshop participants expressed the opinion that
application of fixed operating rules may only fail when the
operation of multiple reservoir systems with many conflicting
situations is considered. Another disadvantage of the fixed
operating rules is that they work properly only in average
operating conditions, but usually fail in extreme situations,
such as droughts and floods. Some participants reported on a
successful combination of both approaches in the following
manner: application of elastic methods of operation (using
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optimization techniques) during extreme events, such as flood
emergencies, etc., but leaving the predetermined operating rules
only for short intervals, namely during the most critical time
period. This technique which combines the advantages of both
approaches seems to be an attractive solution.

Another extensively discussed problem is related to the ap-
plicability of optimization and simulation models in the oper-
ation of multireservoir systems. There was a general feeling
that optimization techniques may be extremely useful when ob-
jectives can be quanitfied and when known optimization metho-
dology can be applied credibly. There are, however, serious
problems in proper application of such methodology in the case
of large systems. This is in particular true for such well-known
techniques as dynamic programming, which for many years was
used to find the optimal operating rules for a single reservoir
but because of the dimensionality problems, is of limited use
for large multireservoir systems, even when decomposition strat-
egies or aggregation methods are used.

It seems that for large water resource systems simulation
techniques are of greater importance, in particular when there
is a need to reflect very detailed aspects of the system's opera-
tion or where objectives of some of the water users cannot be
quantified. Simulation models seem to be preferred if there is
a need for closer collaboration between system analysts and
decision makers.

There was general consensus that the combined use of simu-
lation and optimization techniques may be fruitful both for plan-
ning and real-time operation purposes.

Some particular methodological problems were also raised by
the workshop participants. There was a general feeling that the
theory of operation of large hydropower systems is still at a
relatively early stage of development and that there is substan-
tial scope for developing more powerful optimization techniques
to improve hydroenergy production. Special attention was focused
on problems of systems operation during flood periods. It was
stressed that there is a need for developing models which effec-
tively combine meteorological observations and forecasting, run-
off forecasting and the dynamic scheduling of reservoir releases.
All these models should be reasonably simple, as the decisions
have to be taken quickly and at freguent time intervals. In
regard to meteorological information, the use of radar techniques
seems to show some promise of being used efficiently in practice.

Research Needs
A considerable part of the discussion was devoted to research

needs in the operation of multiple reservoir systems. The
following topics seem to be of great importance:
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(1) There is a potential major role for new methodological ap-
proaches based on the concepts of (a) hierarchical struc-
tures of water resource systems, (b) decomposition tech-
niques, and (c) multi-level and multi-layer decision-making
structures;

(2) there is a need for further development of optimization tech-
niques and their applications both in long-term operation
planning and in system's dispatch:

(3) more research activities are needed to develop improved
methods for aggregation and disaggregation of multireservoir
water resource systems; this work is closely related to
the concept of hierarchical (multi-layer) control structures,
where the proper simplification of the models and linkages
between models are very important problems;

(4) more attention should be given to the use of control theory
methods, assuming however that their effectiveness and ef-
ficiency in comparison with existing operational methods
will be studied carefully before putting them into practice;

(5) although there are some differences of opinion about the
potential benefits of further development of Moran's reser-
voir theory, some workshop participants stressed the need
for an improved storage theory with the emphasis on multi-
reservoir systems.

Identification of System Objectives

The last part of the discussions was devoted to problems
associated with the definition, identification, quantification
and interpretation of systems objectives. The general conclu~
sion was that objectives, and accordingly the objective functions,
may differ substantially, depending on whether the models are
for planning or for dispatching purposes. As a rule they should
be keyed into national and/or regional goals.

The workshop participants were divided in opinion on the
treatment of multiple criteria in the objective function. It
was agreed that in some cases it seems to be preferable to con-
sider only economic objectives and to treat other goals as con-
straints in optimization models. In other situations however,
it is desirable to construct a multicriteria objective function
and to use appropriate solution procedures to identify the rele-
vant tradeoffs among efficient solutions. There is a need for
more fundamental research on how to identify, define and include
multiple objectives in water resource systems analyses.
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